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Abstract 
 
 
Polyfluoroalkylated azobenzene derivative (C3F-Azo-C6H) is synthesized and 
intercalated within the interlayer of clay (Sumecton SA). The hybrid formed is 
characterized using X-ray diffraction (XRD) and thermogravimetric (TG-DTA) analysis. 
Photoreaction within the interlayer is monitored and phenomenon is compared that of 
potassium hexaniobate hybrids.  
 
Systematic study on the reactivity of the isomerization in molecular level under various 
microenvironments viz. ethanol, micelles, clay hybrids in dispersed swelled and film 
state is carried out and photoisomerization characteristics are compared among these 
systems. Solvent penetration into the interlayer spacing of clay hybrid is studied in 
hexane and benzene. We have seen unusual enhancement of reactivity for cis to trans 
isomerization and gradual decrease for trans to cis isomerization when moving from 
monomeric state to hybrid system. 
 
The quantum yield of photo-isomerization was carried out for hybrid system under high 
pressure condition. Very interestingly unusual phenomenon of reactivity exceeding 
many times to that of unity was observed for cis to trans isomerization. Trans to cis 
isomerization was found to be restricted at very high rate. This observation was very 
much correlated to that of steady state reactivity at ambient conditions.  
 
In that viewpoint, activation energy for thermal cis to trans isomerization was measured 
 iii 
 
for C3F-Azo-C6H in ethanol, micelle and clay hybrid dispersed in benzene and film 
state. The results showed the periodic decrease in activation energy from monomeric 
state to hybrid system in film. As we have seen in quantum efficiency measurements, 
the high reactivity for thermally favourable isomerization is accounted by the difference 
in potential energy surface which depends on the micro-environment for the cationic 
azobenzene surfactant, the central molecule under study. 
 
In order to have a concrete idea, excited state dynamics in each micro-environment is 
studied using nanosecond laser flash photolysis. The transient absorption and decay 
curve spectra in ethanol, micelle and hybrid dispersed in benzene showed a clear 
disappearance of thermally equilibrated intermediates and small rise of cis form. In this 
case only process involved is photoisomerization and this can be easily read out. Unlike 
in benzene, transient absorption spectra of hybrid dispersed in hexane shows the cooling 
down of intermediates. The difference in results of benzene and hexane dispersed hybrid 
sample is accounted by the phenomenon of solvent penetration. The crucial 
investigation is in film state of hybrid in air where we observed the unusual reactivity of 
isomerization. The hybrid system involving both C3F-Azo-C6H and C3H-Azo-C6H is 
deeply studied. Both transient absorption spectra and decay profiles showed the 
presence of time dependent relaxation within the clay hybrid. A distinct difference in 
dynamic behaviour was also observed due to the polyfluorinated chain as well.  
 
Nanosecond laser flash photolysis evidently shows the thermally equilibrated species 
formed within nano-layered microenvironment. To confirm the transient local ‘heating’ 
in the molecular level, Rhodamine B and Ru(bpy)3
2+
 co-intercalated   surfactant/clay 
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hybrid were prepared. Both molecules were reported to have robust dependence of 
emission decay on temperature. Rhodamine B co-intercalated hybrid showed 
micro-dependent changes of its fluorescence with reversible isomer switching with 
much shortened lifetime than in solution. But in Ru(bpy)3
2+
 analogue, lifetime is as a 
whole is shortened than in solution and reversible isomer switching effect on emission 
decay were less dominant than local heating phenomenon, whereas in former case 
fluorescence quenching could be assigned to steric effect operated in nano space which 
is a predominant factor than thermal effect.  
 
Nanosheet sliding, high reactivity in layered micro-environment in film state and under 
high pressure and presence of thermally equilibrated species observed in laser flash 
photolysis clearly evidence a set of a co-operative phenomenon happening in the 
nano-layered microenvironment constituted together with polyfluorinated surfactants. It 
is further evidenced by the decay kinetic analysis of the dye co-intercalated 
clay/surfactant hybrid.   
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Chapter 1. 
General Introduction 
 
1.1 Microenvironments for chemical reaction 
When we go on from solid to solution and then to vacuum state, degree of freedom for 
chemical reactions increases. In nature and man-made systems there are numerous 
microenvironments whose degree of freedom comes in between solid and solution states. 
Out of which some of the important microenvironments whom our group mainly 
focusing are mesoporous silica, niobate nanosheets and nanoscrolls, different types of  
  
Figure 1.1 Various well known microenvironments providing unique chemical reactions 
(a) mesoporous silica (b) hexaniobate nanosheet (c) hexaniobate nanoscroll (d) vesicles 
(e) clay nanosheet (f) micelle.  
clay mineral nanosheets, micelles, vesicles, etc.
1-11
 They are widely utilized in and as 
Sumecton SA
[(Si7.20Al0.80)(Mg5.97Al0.03)O20(OH)4]
-0.77・(Na0.49Mg0.14)
+0.77
Surface Area: 750 m2g-1
CEC: 0.997 eq. g-1
20 nm
Adsorption of 
Water
Layer Thickness
= 0.96 nm
~10 nm
(c) 
(e) 
(a) (b) 
(d) (f) 
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specific site for reaction field such as adsorbents, catalysis, artificial membranes, drug 
delivery, sensors, synthetic biological systems, etc.
12-19
 We have been extensively 
exploring the possibility of utilizing these systems for the efficient energy production by 
varying the incorporating organic molecules. 
1.2 Inorganic-organic hybrid compounds 
Organic-inorganic hybrid composites have caught attention not only from the 
perspective of academic research as a creative and alternative pathway for the 
preparation of various compounds, but also for the production of materials having 
tremendous industrial impact on application level as well. The scope of 
inorganic-organic hybrids is widely explored for unique chemical reactions such as 
electron transport, self-assembly, molecular orientation, catalysis, sorption of metals, 
anions and organics, reactors for polymerization, fixation of biologically active species, 
solar cells, sensors, photonic applications, thin film field effect transistors and so on.
2-4
 
Various methods for their preparation include copolymerization, sol-gel reaction, and 
organic functionalization, 
 
Figure 1.2 Novel chemical reaction filed: inorganic-organic hybrids. 
intercalation, bio-synthesis, etc.
5
 They can be classified into two distinct sections. Class 
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Ι involves the compounds having weak intermolecular interaction between organic and 
inorganic part and class ΙΙ are those with formed by rather strong chemical bonds. The 
highlight of this kind of hybrid material is the enhanced properties obtained in small 
volume and most importantly they are not just physical mixtures but a composite with 
united properties of both organic and inorganic material.
6
 
A wide variety of host materials have been reported so far. The expandable and 
two-dimensional wide-layered structure makes the inorganic layered compounds 
potential candidate as a host material. Clay minerals, layered double hydroxide and 
layered semiconductors are used as typical layered host materials.
7-9
   
From the view point of a photochemist, curious thing happening in the interlayer is the 
change in photophysical properties of the organic molecular assembly incorporated 
within the host material. Molecular aggregation happens by a mechanism of loss of 
entropy of solvent system. Hydrophobic interaction of molecules causes the decrease in 
the translational and rotational degrees of freedom of solvent system as a result van der 
waals force of attraction is diminished.  
 
 
 
 
 
 
 
Figure 1.3 Energy graphs for the dye dimers of H- and J-type types according to 
molecular exciton theory.
10
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The large sift in the absorption spectra of aggregates compared to monomeric form is 
explained on the basis of molecular exciton model. Excited state splits into degenerate 
states by the electrostatic interaction between the transition moments of molecule. 
Depending on the arrangements, there are two possible states, J-type and H-type. Both 
are possible ideal systems where real assemblies could be a mixture. J-type aggregates 
are head to tail arrangements in which antiparallel interactions of transition moments 
result in the highest energy level and symmetry allowed transition to lowest energy state 
only possible. In the case of H- type aggregates molecules are aligned in a card packed 
or sandwich like and transition moments are parallel oriented allowing the transition to 
symmetrically favourable highest energy state which causes blue shift (hypsochromic 
shift) in the absorption, emission, reflectance or transmittance spectrum (towards 
shorter wavelength) and vice versa for former aggregates where red shift 
(bathochromic) occurs.
11
 
There are wide varieties of layered inorganic host materials have been explored viz., 
anionic and cationic clay minerals, layered niobates, layered double hydroxides, etc.
12-16
 
Out of which Clay minerals are a class of compounds containing layered particles 
composed of many layers that have remarkable ability to adsorb and intercalate cationic 
or neutral molecules. Sum of variable and permanent charges results in a negative 
surface charge on individual layers. They contain octahedral and tetrahedral sheets 
which isomorphically substituted central atoms which causes the permanent negative 
charges and presence of hydroxyl groups explain its acid/base properties. The effect of 
charge density on the properties of inorganic cations is negligible and distances between 
opposite charges are as short as possible dictated by the factors like cationic size and 
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shape, hydration energy, osmotic potential, etc. But surface charge density significantly 
affects the molecular arrangement, orientation and its properties of intercalated cationic 
organic surfactants. Distribution of negative charge is determined by alkylammonium 
method has been reported previously. This is crucial factor as the selection of mineral 
with characteristic layer charge value may be useful in preparing hybrid with specific 
properties.
11
 
Clay minerals are fundamentally built of tetrahedral silicate and octahedral hydroxide 
sheets in various compositions. On the basis of ratio of these compositions we can 
classify them mainly into four categories.
5, 17-19
  
a. Smectite group: - Clay mineral with 2:1 ratio of tetrahedral sheet and octahedral sheet 
with latter is sandwiched in between two tetrahedral sheets. They include 
montmorillonite, vermiculite, nontronite, pyrophyllite, sauconite, saponite, etc with a 
general formula (Ca, Na, H) (Al, Mg, Fe, Zn)2 (Si, Al)4 O10 (OH)2 . xH2O. Sumecton 
SA, talc comes under this category. Variable amount of water is present inside 
interlayer.  
b. Kaolinite group: - Include dicktite, nacrite, halloysite and kaolinite having gegeral 
formula of Al2Si2O5OH4. They are 1:1 minerals with tetrahedral and octahedral sheets 
are arranged in pair fashion.    
c. Illite group: - They include muscovite and illite with a general formula (K, H) Al2 (Si, 
Al)4 O10 (OH)2. xH2O. They are also called as clay-mica groups and composed of two 
inward pointing tetragonal sheets.  
d. Chlorite group: - There are numerous minerals come under this category. Some of 
them are amesite, baileychlore, chamosite, clinochlore, cookeite, daphnite, nimite, 
odinite, penninite, pannanite, sudoite, etc. General formula is (Al, Fe, Li, Mg, Mn, Ni, 
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Zn, Cr)4-6 Y4)10(OH, O)8. This class has no industrial uses.  
Clay minerals have got substantial interest in perspective of unique microenvironmental 
reaction like in catalysts, molecular recognition, stereospecific control of intercalants, 
etc. Clay-surfactant hybrids are employed in a wide variety of industrial and scientific 
applications, such as adsorbents for organic pollutants, catalysts, rheological control 
agents, reinforcing fillers for plastics, electric materials and mesoporous materials.
20-23
 
The structure and orientation of surfactants largely dictates the applications of these clay 
hybrids.
24
 
Surfactants are amphiphilic molecules having hydrophobic and hydrophilic part in the 
same molecule. At lower concentration molecules compete to situate in the gas-liquid 
phase and rest are remained in solution. But as the concentration increases entropy is 
decreased molecular aggregation occurs forming stable micelles. Physical properties of 
molecules such as optical properties, dielectric constant, surface tension etc were largely 
changed here. At very high concentration molecular double layer is formed with 
minimal hydrophobic interaction. In this case hydrophilic parts are tending to orient 
towards solvent.
1, 12, 25, 26
 
 
Figure 1.4 Structures of micelle and vesicle.
27
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1.3 Photomechanical systems 
5, 6, 28
 
It’s always been great dream of chemists to realize molecular machines which operates 
by some external forces like temperature, pressure or by supplying energy in terms of 
photons or electrons. In view of photochemist it would be highly interesting to have 
devices that can convert light energy into mechanical energy. Indeed it is very clear that 
we don’t have much efficient artificial molecular machines or photomechanical systems 
that would be comparable to that of macroscopic one. By utilizing photonic energy 
combined with supramolecular assisted covalent synthesis could be a powerful tool in 
designing molecular machines. While mimicking natural system man-made tools may 
be working on the following categories, viz. chemical rotors, chemically and 
electronically induced rearrangements, chemically, photochemically and 
electrochemically controllable motions in interlocked molecules (catenanes and 
rotaxanes).   
1. A rotory motor – F1-ATPase, Proton channels lie at the interface between a and c 
subunits. When proton flow occurs there is torque generates which is transmitted to F1 
where ATP is released. 
2. Linear motor proteins, Enzymes such as myosin, kinesin, dynein and their relatives 
are linear motors which convert ATP to mechanical energy.  
Artificial molecular machines – Supramolecular chemistry is powerful tool for 
designing well organized functioning molecular devices which are able to interpret, 
store, process as in natural systems. Rotaxanes and catenanes are classified into the 
above category which are prepared by template synthesis and can act as molecular 
machines. By developing these type of molecular machines, not only of particular 
interest of basic science but can also serve as an important fertilizer for nanoscience and 
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nanotechnology.  
Photomechanical systems based on diarylethene have been extensively studied by Prof. 
Irie and co-workers in the recent past.
29-32
  The surface morphology of single crystal of 
diarylethene is found to change reversibly upon UV and visible irradiation. Very 
interestingly the macroscopic crystal found to follow the microscopic phenomenon 
following photoirradiation. Compared to azobenzene based system diarylethene and 
derivatives are thermally irreversible and response time is too less. Bending rate is 
measured to be completed in 25 microseconds and such fast timescales can be 
comparable to that of piezoelectric devices. The ring opening and closing in 
diarylethenes causes intermolecular interaction of stacked molecules which then 
constitute to macroscopic bending. These class of compounds are having wide variety 
of applications such as memory devices, molecular switches, selective deposition of 
metal atoms, photo-controlled surface wettability, etc.   
 
 
Figure 1.5 The reversible cyclization reaction of diarylethene molecule from open-ring 
isomer to the closed-ring isomer (a) Tip displacement of the crystal during the 
reversible bending (b) Photographs of the crystal in the 1st, 100th, and 250th cycles of 
the reversible bending.
30
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Photomechanical switching of azobenzene and its derivatives on gold surface have been 
widely investigated. Prof. Samori and co-workers reported imaging of such 
photoresponsive switching on gold surface by scanning tunneling microscopy.
33
 Most 
promisingly they have found the switching of entire 2D lattice happening due to a 
co-operative phenomenon among the neighbouring molecules. Here fully conjugated 
terminally thiolated azobiphenyl oligomer is densely chemisorbed on Au (ІІІ) surface. 
Self-assembled Monolayer’s (SAMs) were found to have high order and this assembly 
giving rise to high cis to trans reaction and this kind of system renders to unique 
platform form for molecular devices for nanomechanical and nanoelectronic devices.  
 
 
Figure 1.6 Schematic representation of switching of terminally thiolated azobiphenyl 
molecules on gold substrate.
33
  
 
Very similar work on SAMs of azobenzene derivatives on gold nano-surface also been 
reported by Prof. Li-Jun Wan and workers where rigidity and steric effect of self –
assembly leading to special features unlike in solution and solid state.  
Liquid-crystalline elastomers (LCEs) are a class of compounds having both properties 
of liquid crystals (LCs) and elastomers showing high amount of deformation in 
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structure by light irradiation and many photomechanical systems have been reported so 
far. Prof. Ikeda and co-workers reported the macroscopic photo-induced rolling of 
azobenzene based LCEs at room temperature.
34
 This kind of motion in single layer has 
been reported for the first time. Since molecules causing this photoinduced motion only 
on surface, a hybrid film of LCEs coated on polyethylene is prepared and internal stress 
generated is measured with photoirradiation with external load. Mechanical stress was 
generated upon light irradiation and this mechanical stress was found to upsurge with 
increase in light intensity. Breakage of film occurred at very high intensity of light. 
Ultimately a light driven motor was designed and photomechanical movement is 
realized on photoirradiation. They have successfully developed new light-driven plastic 
motor with LCE films and their composite materials, which can convert light energy 
directly into mechanical work without the aid of any external energy.  
 
 
Figure 1.7 A light-driven plastic motor with the LCE laminated film.
34
 
1.4 Research background 
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Our group has been doing keen research on photochemistry in the micro-environment 
utilizing photoresponsive hybrid materials.
13, 35-37 
We have deeply investigated the 
polyfluorinated surfactants, (Cn F-S) having the unique property of high oxidation 
resistance, attached with one or two long alkyl chain along with alkylated derivative (Cn 
H-S), where fluorine atoms are replaced by hydrogen.
1, 25, 26 
 
Figure 1.8 Structure of novel Polyfluorinated surfactants and hydrocarbon surfactant. 
 
The Cn F-S series of compounds found to form micelles when dispersed in water. The 
Cn H-S compounds also found to form micelles with bending of alkyl head. Molecular 
assemblies formed by these two surfactants were shown to be different and the root 
cause assigned to be the presence of polyfluorinated head in Cn F-S. 
 
Figure 1.9 Micellar structure of (a) CnF-S (b) CnH-S. 
The oxidative degradation of these systems was studied by using Fenton’s reagent and 
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Rose Bengal (RB). Compared to Cn H-S series, Cn F-S series showed high resistance 
towards oxidation.  
 
 
Figure 1.10 Microscopic structure of the polyfluorinated micelle. 
 
With addition of Mn
2+
, probing with 
19
F and 
1
H NMR, detailed structure of micelle was 
determined and it’s given in fig. 1.11. Surfactant forms reverse micelle in toluene/water 
system and vesicles formation also characterized by TEM and NMR.  
Hybrid compounds of polyfluorinated and non-polyfluorinated surfactants with that of 
Sumecton SA were prepared.  Surfactants intercalate into the interlayer space of 
negatively charged clay nanosheets. As the amount of surfactants were increased up to a 
saturated condition of 4.3 vs CEC for C3F-S and for C3H-S the saturated condition was 
found to be two times that of CEC. The basal spacing of clay was found to increase upto 
40 Å even after loading level of 2, from 13 Å for C3F-S. But for C3H-S interlayer 
expansion was found to be 20 Å.  This saturated condition happened from loading 
level 3.  There is a linear relationship with Interlayer expansion and polyfluoroalkyl 
chain length.  
Azobenzene analogues of polyfluoroalkylated surfactants were also deeply examined in 
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various micro-environmental aspects. As similar to biological systems, light can be 
utilized in photoresponsive materials not only as an energy source but also as a trigger 
for the reversible control of the physical and chemical properties of photochromic 
molecules. Even though we are not yet successful in reconstructing the biological 
photoresponsive systems, it is worthwhile mimicking the processes and applying them 
to the photoresponsive materials, so that the physical and chemical properties can be 
changed reversibly by photoirradiation.
29, 38
 
What make these azobenzene and its derivatives special to be incorporated as guest ions 
into the interlayer spacing of hybrid material? 
1. With large substituents at the phenyl rings, when it isomerizes form trans to more 
bulky cis one, capable of converting light energy to mechanical energy and can be 
extended to macroscopic scale.  
2. Difference in the dipolemoment i.e. when trans with oppositely arranged lone pair of 
electrons are transformed to cis, there is a significant increase in the dipole moment 
occurs.
18, 39
 
The complexation of organic photoresponsive material like azobenzene as such or its 
derivative possessing more exciting properties, with inorganic compounds to obtain 
hybrid material having combined (or even enhanced) property is having great 
significance. 
Many azobenzene containing clay hybrids were reported with poor reversibility.
40-42
  
We synthesized polyfluorinated azobenzene surfactants (CnF-Azo-CxH) which forms 
well-organized bilayer structure within interlayer space having enhanced transparency 
and photoreversibilty. Various derivatives are prepared by changing the alkyl and 
polyfluroalkyl chains. It forms various supramolecular assemblies like micelle, vesicle, 
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lamellars, hybrids with niobate nanosheet, niobate nanoscroll, clay, mesoporous silica, 
etc.   
 
 
Figure 1.11 Various supramolecular assemblies formed by C3F-Azo-C6H. 
 
C3F-Azo-C6H also found to form nanosheet and nanoscroll hybrids with potassium 
hexaniobate. Compared to clay nanosheets (size of several tens of nm) niobate 
nanosheets have got relatively much larger size (1 μm) with two types of interlayer. 
Potassium hexaniobate is prepared by calcining Nb2O5 and K2CO3 at 1100 
0
C for 10 
hours. The intercalation of C3F-Azo-C6H with K4Nb6O17 could not be carried by a 
direct reaction. Methylviologen- K4Nb6O17 intercalated compounds were used as the 
precursor by intercalating into layer І. The interlayer expanded to 53.5 Å. From 
TG/DTA analysis surfactant adsorbed to the nanosheet at level 2.5 vs CEC. A bilayered 
structure of C3F-Azo-C6H were formed within interlayer and found to show reversible 
isomerization as observed UV-visible spectroscopy by altering UV-visible  
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photoirradiation. XRD patterns of hybrid films were observed in each isomer state 
produced by UV and visible irradiation. The interlayer distance decreased when the 
hybrid is isomerized from trans form to cis form. The d-spacing (020) of hybrid shrunk 
and expanded repeatedly. Here the most interesting point is why interlayer is shrunk 
upon cis formation? The tilt angle was calculated to be 43 
0
 with surfactants are in a 
standing mode and upon photoisomerization of cis molecules were formed which causes 
decrease in interlayer distance due to crowding of surfactant molecules within niobate 
nanosheets. The diagrammatic representation is shown in fig. 1.12.
35
   
 
Figure 1.12 Schematic representation of the photoisomerization within niobate 
nanosheet.  
 
Surprisingly, AFM analysis showed a reversible morphological change of hybrid film. 
This kind of giant morphological change of hybrid material was observed by cutting in 
cross section and due to isomerization, sliding of nanosheets were happening within 
interlayer three dimensionally.
35, 36
 This kind of large sliding by supramolecular 
assembling consisting of photoresponsive nanosheet hybrid was totally different from 
morphology changes induced in polymer and liquid crystal films. The horizontal and 
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vertical changes were shown in figure 1.13 and 1.14. The horizontal motion in our 
system occurs by sliding of nanosheets over bilayered surfactants are unique and this 
kind of phenomenon can be compared to that of contraction and expansion of muscle 
tissue where motion happens by the expense of stored energy in the form of ATP. 
Reversible photoinduced motion witnessed in clay/C3F-Azo-C6H hybrid as well and 
the details will be discussed in detail later on. 
 
 
Figure 1.13 Morphology change in the cross-cut film edge of the layered hybrid film 
caused by photoirradiation: topographic images of the hybrid film (a) before and after 
(b and d) UV light irradiation (368 nm for 20 min) and (c and e) visible light irradiation 
(463 nm for 2 min), respectively.
36
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Figure 1.14 3-Dimensional morphology change of the layered hybrid film. (a) Height 
profiles of the hybrid film cross section. (b) Relative distance from the reference point 
to the film edge. (c) Film thickness at a point at a constant distance from the reference 
point.
36
  
 
We speculate that cooperative phenomenon should be giving rise to the morphological 
change and interlayer expansion and deep investigation on the microenvironments 
would surely give us a deeper insight into the nano-mechanics of hybrid described 
above. For that we must have a detailed idea about the following aspects which will 
ultimately help us to explore the idea of producing very efficient photomechanical 
system for real world applications.  
 
1.5 Efficient Photomechanical System 
In order to understand the mechanism of sliding and to produce a much efficient 
photomechanical system, we have been doing keen research on the photochemical 
events occurring in the microenvironments, mainly by anionic clays and niobates 
intercalated with polyfluorinated cationic surfactants containing azobenzene moiety 
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(CnF-Azo-CmX, CnH-Azo-CmX ), by varying the perfluoroalkyl chain and alkyl chain.  
In this respect, our major viewpoints are:- 
1. Alignment of hybrid by external force: -  
It is already reported that certain layered compounds like graphite, clay, metal oxides 
are having large anisotropic properties along their three crystallographic axes and these 
properties are very much influenced by their electron charge density, nature of 
intercalated ions etc. Our group have already synthesized and deeply investigated the 
niobate based hybrid compounds. But the interlayer expansion was not found to be 
uniform. The reason for this can be the random orientation while forming hybrid 
compounds by two step guest-guest ions exchange. It is now well-known that strong 
homogeneous magnetic fields can be used to achieve controlled orientation of particles 
in fluid suspensions and that these oriented particles can be consolidated to make 
composites and thin films. On applying such magnetic field we expect a uniaxial 
orientation i.e. crystallographic axes a, b or c of all exfoliated sheets may be stacking in 
one direction. Nonmagnetic compounds get aligned to magnetic field if they have a 
finite amount of diamagnetic anisotropy (Magnetic anisotropy is the direction 
dependence of a material's magnetic properties. In the absence of an applied magnetic 
field, a magnetically isotropic material has no preferential direction for its magnetic 
moment while a magnetically anisotropic material will align its moment with one of the 
easy axes). Hence we are proposing that with magnetically aligned hybrid material, we 
will be able to produce more efficient and uniform light induced back and forth sliding, 
expansion and contraction. 
2. Detailed nature of micro-environment:-  
From our previous studies, tilt angle of bilayered surfactant correlated to its initial 
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concentration, both in the case of clay and niobate hybrids. While preparation, stirring 
speed, temperature and humidity were seemed to influence the interlayer distance of the 
hybrid. As we have seen the interlayer space and adsorbed amount were also changed 
whether its polyfluoroalkylated chain or hydrocarbon chain. With change in head group 
(C3F- or C3H-), through which surfactant is attached on nanosheet, bending nature also 
differs. Adsorbed amount on surfactant were calculated by TG/DTA analysis. Further, 
much complicated information regarding the microenvironment still under investigation 
using XRD, DSC and IR.  
3. Reactivity and photoisomerization behaviour within interlayer:-  
Quantum yield (QY) of isomerisation refers to rate of isomerization to number of 
photons absorbed. Photoisomerisation of azobenzene is well studied in wide varieties. 
We are focusing our attention to understand the isomerisation behaviour of 
C3F-Azo-C6H and C3H-Azo-C6H in solution, micelle, clay hybrid in dispersed, 
swelled and film state, niobate nanosheets and nanoscrolls compare among themselves 
under steady state and excited state.  
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Chapter 2.  
Preparation, Characterization and Preliminary 
Photophysical Properties of C3F-Azo-C6H and its 
Hybrid with Clay 
 
2.1 Introduction 
So far, our group has extensively synthesized various surfactants having a fluorocarbon 
chain. Among them, many studies have been carried out by changing the length of the 
fluorocarbon chain and replacing with hydrocarbon derivatives.
1-3
 Our central molecule 
of investigation polyfluorinated cationic surfactant, C3F-Azo-C6H, is prepared by four 
step synthesis starting from hexyl aniline as given in fig. 2.1.  
 
Figure 2.1 Reaction scheme for the synthesis of C3F-Azo-C6H. 
 
2.2 Experimental 
C3F-Azo-C6H was synthesized, purified and characterized using NMR (JEOL 
JMN-ECS300) and FAB-MS (JEOL MSTATION JMS-700). Reagents used, ethanol 
(nakalai, grade 1), p-hexylaniline (TCI, EP, used without further purification), 1, 2 – 
O
N
N
CH3
N
+
CH3
N
H
O
C3F7
CH3
Br
-
Fig.1 C3F-Azo-C6H
Quarterization
BrC2H4BrNaNO2,PhOH
C3F-Azo-C6H
Ether formationDiazocoupling
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dibromoethane (TCI, EP, used without further purification), potassium hydroxide (kanto 
chemicals, used without further purification), N, N – dimethylethylenediamine (nakalai, 
EP, used without further purification), sodium carbonate (nakalai, GR, used without 
further purification) benzene (kanto chemicals, grade 1), chloroform (kanto), water 
(ion-exchanged), Sumecton SA (kunimine industries). NMR studies were carried out 
using, ethanol-d6 (99% - SIGMA ALDRICH) D2O (99.8% TCI), JEOL (270 MHz 
NMR). Photoreaction is carried out using, xenon lamp (USHIO). IR cut filter was used 
together with band pass filters (ASAHI Spec. Co.) of 365 nm (UV) or 440 nm (Visible) 
depending on S1 or S2 excitation. XRD measurements were carried out using Rigaku 
(RINT TTR Ⅱ). TG/DTA measurements were carried out using Shimadzu (DTG-60H). 
 
Figure 2.2 Crystal structure of (a) an inorganic layered clay mineral, Sumecton SA 
(SSA) and chemical structures of (b) polyfluorinated cationic surfactant (C3F-azo-C6H) 
and (c) alkylated cationic surfactant (C3H-azo-C6H). 
Sumecton SA
(c)
(a)
(b)
Figure 2.2 Crystal structure of (a) an inorganic layered clay mineral, SSA and
chemical structures of (b) polyfluorinated cationic surfactant (C3F-azo-C6H)
and (c) alkylated cationic surfactant (C3H-azo-C6H)
CHAPTER 2. PREPARATION, CHARACTERIZATION AND PRELIMINARY PHOTOPHYSICAL 
PROPERTIES OF C3F-Azo-C6H AND ITS HYBRID WITH CLAY 
25 
2.3 Synthesis of C3F-Azo-C6H 
In each step product was characterized by NMR, FAB-MS, and UV-Vis. Spectroscopy. 
Finally yellow coloured C3F-Azo-C6H was recrystallized from hexane by dissolving in 
chloroform.  
Diazocoupling product: - 
1
H NMR 270MHz (CDCl3):- δ (ppm) 7.86 (d, J = 9Hz, 2H, ar), 
7.79 (d, J = 9Hz, 2H, ar), 7.30 (d, J = 9Hz, 2H, ar), 6.94 (d, J = 9Hz, 2H, ar), 4.79 (s, br, 
1H, OH), 2.68 (t, J = 7Hz, 2H, Ar-CH2-), 1.66 (m, 2H, Ar-CH2-CH2), 1.35 (m, 6H, 
C3H6-CH3), 0.89 (t, J = 7Hz, 3H, -CH3). 
FAB-MS: - M/Z = 282 (M). 
Ether formation product: - 
1
H NMR 270MHz (CDCl3):- δ (ppm) 7.90 (d, J = 9Hz, 2H, 
ar), 7.80 (d, J = 9Hz, 2H, ar), 7.30 (d, J = 9Hz, 2H, ar), 7.02 (d, J = 9Hz, 2H, ar), 4.38 (t, 
J = 5 Hz 2H, Br-CH2-CH2), 3.68 (t, J = 5Hz, 2H, Br-CH2-), 2.68 (t, J = 7Hz, 2H, 
Ar-CH2-), 1.66 (m, 2H, Ar-CH2-CH2-), 1.33 (m, 6H, C3H6-CH3), 0.89 (t, J = 7Hz, 3H, 
-CH3). 
FAB-MS: - M/Z = 389 (M) 
 
 
Figure 2.3 
1
H NMR spectrum of purified C3F-Azo-C6H in deuteriated chloroform. 
Chemical shift, ppm
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Figure 2.4 FAB-MS spectrum of purified C3F-Azo-C6H. 
 
Quarterization product: - 
1
H NMR 270MHz (CDCl3):- δ (ppm) 9.59 (s, br, 1H, -NH-), 
7.90 (d, J = 9Hz, 2H, ar), 7.80 (d, J = 9Hz, 2H, ar), 7.30 (d, J = 9Hz, 2H, ar), 7.03 (d, J = 
9Hz, 2H, ar), 4.55 (s, br, 2H, O-CH2-), 4.33 (s, br, 2H, O-CH2- CH2-N
+
), 4.07 (s, br, 2H, 
N
+ 
- CH2- CH2-NH), 4.00 (s, br, 2H, N
+ 
- CH2- CH2-NH), 3.56 (s, 6H, N-(CH3)2), 2.67 (t, 
J = 7Hz, 2H, Ar-CH2-), 1.65 (m, 2H, Ar-CH2-CH2-), 1.32 (m, 6H, C3H6-CH3), 0.89 (t, J 
= 7Hz, 3H, -CH3). 
FAB-MS: - M/Z = 593 (M - Br) 
 
Fig. 2.4 shows the FAB-MS spectrum and m/z peak around 593 shows the presence of 
our target molecule without Bromine atom which exists as a counter anion neutralizing 
the charge of quarterized ammonium group of C3F-Azo-C6H. 
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Figure 2.5 Calculation of molar absorptivity plot of C3F-Azo-C6H in ethanol in all 
trans state. 
 
Absorption spectra of C3F-Azo-C6H and C3H-azo-C6H (non-polyfluorinated 
derivative) in ethanol and water in all trans form and cis rich form are measured and 
molar extinction co-efficient in each isomer at various wavelength’s are determined. 
Molar absorptivity values are summarized in table 2.1 
 
Table 2.1 Molar extinction co-efficient of cis and trans isomer C3F-Azo-C6H (left) and 
C3H-Azo-C6H (right). 
 
 
 
 
Solvent εtrans
365
εtrans
458
εcis
365
εcis
458
Ethanol 15862.1 849.5 518.6 2023.6
Water 21423.6 1621.3 1078.5 2771.0
Solvent εtrans
365
εtrans
458
εcis
365
εcis
458
Ethanol 17161.9 890.9 632.8 2146.1
Water 18750 1406.25 1446.5 2592.9
0.0 0.8 1.6 2.4 3.2 4.0
0.0
0.5
1.0
A
b
so
rb
a
n
ce
Concentration, 10
-2
mM
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2.4 Intercalation and characterization of C3F-Azo-C6H into the interlayer spaces 
of SSA 
Nanosheets of synthetic inorganic polymer, SSA can be easily exfoliated in water and 
form a hybrid with cationic molecules such as a surfactant.
4-7
 Originally SSA solution of  
 
 
Figure 2.6 Preparation of Clay/C3F-Azo-C6H hybrid. 
 
10
-3
 eq/L was prepared by dissolving 1g of Sumecton SA in 1L of water by stirring for 1 
day. Along with the preparation of 2.5 mM C3F-Azo-C6H is carried out by heating at 
60 
0
C for 5 hours. Using these samples various loading levels are prepared according to 
following calculation:- 
The CEC of Sumecton SA is reported to be 0.997 meq/g. 
For 1g of sumecton SA          =      0.997 mM negative charge. 
i.e., 0.997*10
-3
* NA  molecules  
For loading level 1 vs. CEC:- 
C3F-Azo-C6H equivalent no. of molecules  =  0.997 * 10
-3 
* NA  molecules 
i.e. 0.997 * 10
-3 
M of C3F-Azo-C6H (1M C3F-Azo-C6H, 673g)  
So for 1 g Sumecton SA    =   (0.997 * 10
-3 
* 673) g. 
=   670 mg. 
10-3 mEq/LSumecton SA
C3F-Azo-C6H
2.5 mM
700C, Oil bath
Stir
Filter
PTFE, 0.1 μM
Film, Dry - 4 hrs.
Sumecton SA
[(Si7.20Al0.80)(Mg5.97Al0.03)O20(OH)4]
-0.77・(Na0.49Mg0.14)
+0.77
Surface Area: 750 m2g-1
CEC: 0.997 eq. g-1
20 nm
Adsorption of 
Water
Layer Thickness
= 0.96 nm
~10 nm
+
Surface Area : 750 m2g-1
CEC : 0.997 eq. g-1
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In the same manner, we can calculate the concentration of samples for other loading 
levels. 
The hybrids prepared were characterized using XRD, TG/DTA and absorption spectral 
analyses. Figure 2.7 shows the TG/DTA analysis of clay hybrid with C3F-Azo-C6H 
with various loading levels. High temperature withstanding alumina pan were used for 
the burning of sample in thermogravimetric analysis with a rate of change of 
temperature of 1.5 
0
C/ minute and temperature is controlled from room temperature to 
800 
0
C with no holding time. From TGA curve adsorbed amount of surfactant (AAS) is 
calculated using following calculation for 100% adsorption of surfactant on clay vs. 
CEC.  
 
Assuming charge neutrality on Sumecton SA surface with surfactant no. of moles of 
charge on clay      = no. of moles of charges of             
surfactant 
Amount of Clay (residue)     =  1.86 mg;  
Total amount of surfactant     =  0.79 
So Amount of cationic C3F-Azo(+) .. =  (0.997 * 1.86 * 10
-6
 * 593) g 
                          =  1.0997 mg 
So amount of neutral surfactant     =  nil 
AAS vs. CEC      =  0.72 
Occupation area of surfactant on SSA =  125Å
2 
/ 0.72 
     =  173.6 Å
2
  
Similarly in each case AAS and occupation area was calculated and results are 
summarized in table 2.2. Figure 2.8a show an adsorbed amount of polyfluoroalkylated 
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azobenzene derivative, C3F-Azo-C6H vs. CEC of SSA dependent upon the loading 
level (LL). As increasing the loading level, the adsorbed amount was increased and 
saturated at loading level 20 versus CEC. In saturated region, the adsorbed amount is 
4.2 versus CEC, which is good agreement with that of C3F-S/SSA reported previously. 
In case of the loading level 20, the adsorption occupied area per one molecule on the 
surface of SSA by thermogravimetric analysis (TGA) was estimated at 28 Å
2
, which is  
 
Figure 2.7 TG/DTA analyses of clay/C3F-Azo-C6H hybrids of different loading levels  
(a) LL 1 (b) LL2 (c) LL10 (d) LL 15. 
 
very similar to the cross-sectional area of perfluoroalkyl chain. It is considered that 
C3F-Azo-C6H could be high-densely adsorbed on the surface of SSA due to the strong 
hydrophobicity and lipophobicity of the perfluorocarbon. On the other hand, the XRD 
pattern of the C3F-Azo-C6H/SSA hybrids at each loading level is shown in fig. 2.8b. 
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Table 2.2 Adsorbed amount and occupation area of surfactant on clay with various 
loading levels.  
 
 
As increasing the loading level, the interlayer distance of the hybrid film, which 
corresponds to the basal spacing d001, was shifted from 1.4 nm to 3.4 nm. It is 
speculated that from TG data analysis, surfactant forms a bilayer structure with a tilt 
angle inside the clearance space.   
Figure 2.9 shows the basal spacing d001 of the hybrids against the adsorbed amount of 
C3F-Azo-C6H versus CEC. As increasing the adsorbed amount of C3F-Azo-C6H, the 
interlayer distance was expanded and reached to the 3.4 nm around that of 2.3 versus 
CEC. On the other hand, the much further intercalation of C3F-Azo-C6H into the 
interlayer spaces of SSA was observed in fig. 2.8a. It may be considered that 
 
 
Loading 
Level
Adsorbed amount 
of surfactant
Occupation 
area, Å2
1 0.7 174
2 1.8 69
3 2.4 53
5 2.9 43
7 3.5 36
15 4.2 30
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Figure 2.8 (a) Adsorbed amounts of C3F-Azo-C6H (versus CEC) against the loading 
levels and (b) X-ray diffraction pattern of the C3F-Azo-C6H/SSA hybrids film at each 
loading level. 
 
azobenzene molecules intercalate into the rest of interlayer spaces after partly forming 
stable bilayer structure of C3F-Azo-C6H by the intercalation. 
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Figure 2.9 (a) Plot of interlayer spacing vs. loading level amount of surfactant 
normalized to CEC (b) Plot of interlayer spacing vs. adsorbed amount of surfactant 
normalized to CEC. 
 
2.5 Photoreaction of Clay/C3F-Azo-C6H hybrid  
The spectral characteristics of C3F-Azo-C6H observed in the photo-isomerization of 
azobenzene moiety in various microenvironments are summarized in table 2.2.  
 
Table 2.3 Absorption spectral characteristics of C3F-Azo-C6H in various 
micro-environments 
Sample λtrans / nm λcis / nm λIsosbestic / nm 
C3F-Azo-C6H in ethanol 344 440 403 
C3F-Azo-C6H  in water 346 434 421 
Hybrid film in air 347 442 420 
Hybrid film in benzene 347 441 410 
Hybrid film in n-hexane 345 443 413 
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The absorption peak assigned to the π-π* transition of trans-form of C3F-Azo-C6H is at 
around 346 nm, which is known to exhibit a red-shift by a J-type intermolecular 
interaction and a blue-shift through H-type one according to Kasha’s exciton model.8 It 
should be a good measure to observe the shift of the λmax for getting information on how 
the azobenzene moiety is mutually interacting in each microenvironment.  The λmax of 
C3F-Azo-C6H in ethanol, where C3F-Azo-C6H is believed to be solubilized as a 
monomer molecule without mutual interaction, may be taken as the standard in judging 
it.  All the λmax’s under other conditions such as, in water where a micelle is formed at 
the concentration (3.3 × 10
-5
 M) examined here, in the hybrid film under the dry 
condition, in the hybrid film swelled with benzene, and n-hexane, exhibited slight 
red-shift, indicating mutual J-type interaction between the adjacent molecules in each 
microenvironment. Though it is somewhat difficult to estimate the precise spectral peak 
due to the light scattering of the film sample, similarly, the isosbestic points of their 
spectra, where the scattering contribution is pretty less, also showed clear red shift. 
Since C3F-Azo-C6H is tilting against the surface of clay nanosheet, the red-shifts may 
be thus rationalized. On the other hand, as regards the λmax of cis-form (n-π* transition) 
showed substantial blue-shift only in water.  This strongly suggests that even in 
micelle, water molecules penetrate into the inner core, azobenzene moieties, to form 
intermolecular hydrogen bonds. 
The clay/C3F-Azo-C6H hybrid undergoes reversible photoisomerization upon 
ultraviolet and visible irradiation. The photoreaction was monitored by absorption 
spectrometer and XRD analysis. From XRD analysis we have found that upon UV 
irradiation cis is formed and clearance space was found to be expanded. The interlayer 
expansion was reverted up on visible irradiation as the hybrid is saturated with trans 
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form. This phenomenon is exactly opposite to what we observed in 
niobate/C3F-Azo-C6H hybrid where inter layer was shrunk upon formation of cis.
1, 9
 
This phenomenon is accounted by the anionic charge density on nanosheets. In clay 
nanosheets anionic charge density is lesser compared to niobate nanosheet. This causes 
the bi-layered surfactant to accept sleeping mode as the inclination angle is larger. So 
when cis is formed interlayer is expanded due to bulky bent form as given in fig. 2.9. 
C3F-Azo-C6H forms several supramolecular self-assemblies and our group is keenly 
investigating the several systems like monomeric, micellar, vesicle, lamellar, hybrid 
with potassium hexaniobate, titanium niobate and clay nanosheets, niobate nanoscrolls, 
mesoporous silica, etc. In my present research I will be mainly focusing my attention on 
comparing the photochemistry of C3F-Azo-C6H in various micro-environments of 
monomer, micelle, clay hybrid in dispersed, swelled and film state. 
CHAPTER 2. PREPARATION, CHARACTERIZATION AND PRELIMINARY PHOTOPHYSICAL 
PROPERTIES OF C3F-Azo-C6H AND ITS HYBRID WITH CLAY 
36 
 
Figure 2.10 (1) Photoreaction of clay/C3F-azo-C6H hybrid in film state (2) schematic 
representation showing the interlayer expansion in clay/C3F-Azo-C6H hybrid up on 
prolonged ultraviolet light irradiation.  
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Chapter 3.  
Reactivity and Photoisomerization Behaviour of 
C3F-azo-C6H and C3H-Azo-C6H in Various 
Micro-environments 
 
3.1 Introduction 
In recent years, we have found that three-dimensional morphology changes can be 
induced on the hybrids by trans-cis photo-isomerization reaction of azobenzene.
1, 2
 
Although the detailed mechanism for such morphology change is not revealed, it is 
considered that photo-isomerization reaction of C3F-Azo-C6H in the interlayer 
spaces between nanosheets as a microenvironment is one of the most important 
factors for inducing morphology changes as interlayer distance change and 
nanosheet sliding. The photo-isomerization reaction of azobenzene and its 
derivatives have been studied by UV-Vis spectroscopy, time-resolved transient 
absorption spectroscopy and time-resolved Raman spectroscopy in past several 
decades.
3-13
 
 In this chapter, investigation of the reactivity of molecular assembly of 
polyfluoroalkyl azobenzene derivative confined within the inorganic nanosheets of 
clay mineral will be reported. The molecular assemblies of C3F-Azo-C6H in the 
interlayer spaces of the clay showed efficient reactivity in case of cis to trans 
isomerization reaction of C3F-Azo-C6H upon visible light irradiation. The excess 
energy between excited and ground states may contribute to the isomerization 
reaction of azobenzene. 
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3.2 Experimental 
Photoreaction was carried out using, xenon lamp (USHIO). IR cut filter was used 
together with band pass filters (ASAHI Spec. Co.) of 365 nm (UV) or 440 nm (Visible) 
depending on S1 or S2 excitation. XRD measurements were carried out using Rigaku 
(RINT TTR Ⅱ). TG/DTA measurements were carried out using Shimadzu (DTG-60H). 
Reagents used are, ethanol (nakalai, grade 1), water (ion-exchanged), benzene and 
hexane (kanto chemicals, grade 1). For NMR studies, ethanol-d6 (99% - SIGMA 
ALDRICH) D2O (99.8% TCI), JEOL (270 MHz NMR) was used.  
3.3 Principle
14-17
 
Q.Y., Ф  = Reacted molecule (no. of molecules isomerized) / Absorbed photon number 
 
From UV-Vis spectrophotometer we can measure absorbance (c * ε * l). Power of light 
source can be measured using silicon detector which give us the no. of photons 
irradiated. 
Reacted molecule = Concentration * Avogadro no. * total volume 
Reacted Molecule = (∆O.D./ ∆ε) * N * Amt. of solution (V)  (length = 1 cm) 
 
E = hc & c = λγ 
We get, E = hc/λ 
    = [(6.626*10
-34
 J/s) * (3* 10
8
)]/ (λ) 
5.446021 x 10
-19
 if λ = 365nm; 4.51777 x 10 -19 if λ = 440 nm. 
As we know 1 watt = 1 J/s 
Total no. of photons, I0 = Power (
 
J/s) / Energy (
 
J/photon) 
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Finally, Photon Number, I = I0 (1-10
-O.Dλ.
) 
Dividing equation 1 by 2, we can write 
Ф = (∆O.D. * N * V) / (∆ε * length * I) 
                                           …….…………(1) 
length = 1 cm, V = x ml*10
-3
, N = 6.023*10
23 
& ε is calculated each isomer rich state. 
For film state this equation has to be modified as the molar absorptivity is different in 
this case and also there is no solvent getting into action.  
Ф = (∆O.D. * N ) / (∆ε *1000 * length * I) 
                                      ……..…………(2)        
While calculating quantum efficiency using above equation we have to consider two 
factors for cis to trans isomerization 
(1) Conversion ratio: - Even at each isomer rich state (cis or trans) it will not be 100% 
cis or trans. So while calculating quantum efficiency we have to account for 
‘‘conversion ratio’’ at each isomer rich state. In the case of trans isomer as the 
absorption coefficient is high contribution by cis isomer will be low and can consider 
trans rich state as all trans state. But in the case of cis isomer molar absorptivity is small 
compared to other isomer form and we have to account for conversion ratio.   
     
Absorbance 
λ
 = Co[εc
 λ
 . x + εt
 λ
 . (1-x)] 
 
(2) Internal Filtering Factor: - Similarly, absorption at any wavelength will be 
contributed by both isomers. In that case in order to avoid any discrepancy we have to 
consider ‘‘internal filtering effect’’. As the ε value is much higher in the case of trans 
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isomer this factor will be negligible but not in the case of cis isomer as ε value is small 
and we have to consider the factor of internal filtering.  
 
  
Finally quantum efficiency is given by,  
εc * Фc * Ic = (dC/dt * N)/(∆ε * 1000) + εt * It * Фt 
                                                 ……………….(3) 
Фc = (dC/dt * N* V)/(∆ε * 1000* εc * Ic) + (εt * It * Фt/ εc * Ic) 
= Фc + [Фt * (It/Ic)] 
                                          ….……………(4) 
Equations (1) & (2) is used to calculate the quantum efficiency from trans to cis and  
(3) & (4) from cis to trans 
 
3.4 Calculation of Quantum efficiency of photoisomerization
14-18
 
Trans form of C3F-azo-C6H reaches a photostationary state (PSS) upon UV (365 nm) 
irradiation and absolute extinction coefficient (ε) of trans component is very high and 
shows a high value of  conversion ratio of almost 100 % and this is evident by 
uv-visible absorption spectrum as well as 
1
H NMR studies (data given in supporting 
information). The cis isomer which is thermodynamically less stable than trans 
component is having lower value of conversion ratio since the difference in ε value in 
each isomer rich state is very small. When the system reaches PSS, the photoreaction is 
Fcis =
%cis * εc
λ
(%trans * εt
λ’)+ (%cis * εc
λ)
%trans * εt
λ’
(%trans * εt
λ’)+ (%cis * εc
λ)
Ftrans =
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complete and no more absorption of light by the both components. So while calculating 
quantum yield two assumptions are taken into account. 
1. Quantum yield is constant at all wavelengths. 
2. Thermal isomerization is ignored. 
Assumption 1 is absolutely true in the case of photochemical events and is evident from 
our studies. Assumption 2 is also having little effect on the quantum efficiency as its 
rate of reaction is negligibly small compared to photochemical reactions in the present 
study (rate constant for the thermal reaction is already carried out in each system and 
given in each section). In addition while determining quantum yield of isomerization we 
have to account for one more factor along with conversion ratio which is the “internal 
filtering factor”. This is because during photoirradiation (both uv and visible) sample 
will be a mixture of composition of both isomer and a type of masking effect must be 
involved and so we have to calculate the contribution by both isomer.  
Quantum efficiencies are directly obtained from the slope when we plot rate of photo 
isomerization (number of molecules reacted) to that of number of photons causing the 
photoisomerization event.  
Calculation for film state sample of C3F-azo-C6H/clay hybrid is given by:- 
Initial concentration, C0 = 3.7 * 10
-5
; 
1. Conversion ratio 
0.09 = C0 [518.6 x – 15862.1 x + 15862.1]; x = 95% (cis percentage); 5% (trans 
percentage) 
2. internal filtering factor:- 
% trans * εt : % cis * εc = 0.05 * 849.5 : 2023.6 * 0.95; 
Component of trans in cis = (42.5/1964.9) = 0.04 
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Component of cis in cis = (1922.4/1964.9) = 0.96 
It = 7.1 * 10
13
; Ic = 1.3 * 10
15
; 
Substituting the values in equation (4) will give the value of quantum yield. Similarly in 
each system quantum yield is calculated.  
 
3.5 Results and Discussion 
3.5.1 Photoreactivity of C3F-azo-C6H in different micro-environments 
3.5.1.1 C3F-AzoC6H/ethanol - Monomeric state  
Quantum efficiencies of cis-trans isomerization of free azobenzene in ethanol reported 
previously which was found to depend on the n-п* and п-п* bands in addition to the 
effects due to solvent polarity and excitation source etc. For trans to cis isomerization 
quantum efficiency of photoisomerization were reported to be 0.12-0.15 and 0.28 
carried out on the two excitations viz., п-п* and n-п* respectively.13, 19 Similarly for cis 
to trans isomerization the values are 0.24-0.31 and 0.51 following п-п* and n-п* 
excitation respectively.
13, 19
 Up on UV irradiation trans form get isomerized to cis form 
following a п-п* excitation (S2) and reverted back to stable trans form following n-п* 
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Figure 3.1 Absorption spectrum changes of C3F-azo-C6H in 1.ethanol (a) from all 
trans to cis rich state (b) cis rich state to trans rich state 2. Micelle (c) from all trans to 
cis rich state (d) cis rich state to trans rich state 
 
facilitated through visible irradiation. The absorption spectra of both isomerized form is 
inseparable and side reactions following any decompositions hardly included confirmed 
by the repeated switching between the isomers. In order for the calculation of quantum 
efficiency (Φ), 365 nm was monitored. To have more concrete idea, photoirradiation 
again from trans rich state also conducted. In the same manner, photoreaction of 
non-fluoro alkylated derivative of azobenzene (C3H-azo-C6H) was also carried out in 
ethanol. With 440 nm irradiation of cis rich sample, the trans form was only formed 
which was confirmed and the initial state (all trans form) can’t be attained because a 
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photo stationary state is formed. The photoreaction of C3F-Azo-C6H in ethanol which 
was not assisted by decomposition which was also confirmed by the similar results 
obtained in C3H-Azo-C6H of which photoreaction was carried under similar conditions 
and results will be compared. Concentration of C3F-Azo-C6H in ethanol was 4.17 * 
10
-5
 M and to that of C3H-Azo-C6H was 3.82 * 10
-5 
M.  
 
Figure 3.2 Calculation of quantum efficiencies of C3F-azo-C6H in 1.ethanol (a) from 
all trans to cis rich state (b) cis rich state to trans rich state. 2. Micelle (c) from all trans 
to cis rich state (d) cis rich state to trans rich state. 
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Table 3.1 Quantum efficiency for C3F-azo-C6H in monomeric state 
 
 
3.5.1.2 C3F-Azo-C6H/water – Micellar state 
Both C3F-azo-C6H and C3H-azo-C6H is found to form stable micellar structures in 
water whose aggregation behaviour is truly dependent on concentration which 
determines its structural behaviour. The CMC of the inseparable isomers are of different 
and it was reported that micellar structure is destroyed when irradiated with UV light 
causing the formation of cis form which has different CMC. 
Like in monomeric state in ethanol, reversible isomerization was found to observe in 
water as well, with slight change in the spectral shape, isosbestic points and absorption 
maxima.  Absorption spectra of the reversible isomerization are shown in fig. 3.2. 
Photoreaction and quantum yields of isomerization were compared to that of 
C3H-Azo-C6H in water. Concentration of C3F-Azo-C6H in water was 3.33 * 10
-5
 M 
and to that of C3H-Azo-C6H was 3.97 * 10
-5 
M. 
 
 
 
 
Ethanol Φ all trans to cis 
rich
Φ cis rich to
trans rich
Φ trans rich to cis 
rich
C3F-azo-C6H 0.35 0.64 0.33
C3H-azo-C6H 0.35 0.63 0.32
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Table 3.2 Quantum efficiency for C3F-azo-C6H in micellar state  
 
 
3.5.1.3 Clay/C3F-Azo-C6H hybrid – Dispersed (benzene) and film (air) state 
C3F-Azo-C6H/clay hybrid was dispersed in benzene and photoreaction was carried out 
as in the case of solution from all trans to cis rich and cis rich to trans rich and vice 
versa. Compared to monomeric form spectra was found to be red shifted indicating the 
presence of J type aggregate. Film sample was prepared by drop casting dispersed 
solution of hybrid in hexane. Even though the film is transparent, scattering is very high 
and burned sample of the same is later subtracted while determining the quantum yield. 
In the case of dispersed hybrid system in hexane, photoreaction is impossible is to 
measure accurately and with clear isospecific points due to baseline fluctuation. 
Micelle Φ all trans to cis 
rich
Φ cis rich to trans 
rich
Φ trans rich to cis 
rich
C3F-azo-C6H 0.42 0.79 0.35
C3H-azo-C6H 0.36 0.77 0.33
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Figure 3.3 Absorption spectrum changes of C3F-azo-C6H/Clay hybrid in 1. benzene (a) 
from all trans to cis rich state (b) cis rich state to trans rich state 2. Film state (c) from 
all trans to cis rich state (d) cis rich state to trans rich state. 
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Figure 3.4 Calculation of quantum efficiencies of C3F-azo-C6H/SSA hybrid in 
1.benzene (a) from all trans to cis rich state (b) cis rich state to trans rich state. 2. film 
state (c) from all trans to cis rich state (d) cis rich state to trans rich state. 
 
Table 3.3 Quantum efficiency of C3F-azo-C6H/clay hybrid in dispersed state 
 
 
The hybrid film had excellent transparency probably due to the beautiful bilayer 
structure caused by the introduction of polyfluoroalkyl chain and the absorption spectra 
were measured by ordinary spectroscopic method. Upon UV light (λ =365 nm) 
irradiation, the peak at 347 nm decreased drastically. In contrast, the absorption around 
442 nm, which is assigned to the n-π* transition of the cis-form of azobenzene, slightly 
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C3F-azo-C6H/clay
Dispersion benzene
Adsorbed 
amount 
of surfactant
All trans to 
cis rich
cis rich 
to 
trans rich
trans rich to 
cis rich
Loading Level 2.0
Normalized to CEC
1.8 0.20 0.70 0.26
Loading Level 5.0
Normalized to CEC
2.9 0.30 0.90 0.33
Loading Level 15.0
Normalized to CEC
4.2 0.24 0.90 0.29
CHAPTER 3. REACTIVITY AND PHOTOISOMERIZATION BEHAVIOUR OF C3F-Azo-C6H AND 
C3H-AZO-C6H IN VARIOUS MICRO-ENVIRONMENTS 
 
50 
 
increased and finally reached to a photo-stationary state (PSS). On the other hand, the 
photo-isomerization reaction from cis- to trans-form was efficiently induced by visible 
light irradiation. The hybrid film once irradiated with UV light to become cis rich form 
of azobenzene showed very efficient reversion to the trans-form upon visible light 
irradiation (λ = 453 nm). 
 
Table 3.4 Quantum efficiency of C3F-azo-C6H/clay hybrid in film state 
 
 
Table 3.5 Quantum efficiency of C3H-Azo-C6H/clay in film state  
 
 
3.5.1.4 Clay/C3F-Azo-C6H hybrid – Swelled with benzene and hexane 
In the case of hexane dispersion of the hybrid sample, photoreaction can’t be monitored 
accurately as it shows baseline fluctuation during the photoirradiation arising due to 
laser ablation. For that case, for determining quantum yield, hybrid film sample 
C3F-azo-C6H/clay
Film state
Adsorbed 
amount 
of surfactant
All trans
to 
cis rich
cis rich 
to 
trans rich
trans rich 
to 
cis rich
Loading Level 2.0
Normalized to CEC
1.8 0.06 1.1 0.06
Loading Level 5.0
Normalized to CEC
2.9 0.10 1.1 0.12
Loading Level 15.0
Normalized to CEC
4.2 0.13 1.9 0.12
Film state AAS all trans to 
cis rich
cis rich to 
trans rich
trans rich to 
cis rich
C3H-Azo-C6H/SSA 2.5 0.09 0.42 0.11
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sandwiched in between two films and immersed in a cuvette containing hexane solvent 
and allowed to equilibrate for about 1 day and photoreaction is carried out from each 
isomer rich state. Similarly experiment is repeated in the case of benzene and air in 
order to compare the reactivity more precisely. Absorption spectral change for the 
hybrid in swelled film in hexane is given in the fig. 3.5.   
 
 
 
 
 
 
 
Figure 3.5 Absorption spectrum changes of C3F-azo-C6H/Clay hybrid in film state 
swelled with hexane (a) from all trans to cis rich state (b) cis rich state to trans rich state. 
Calculation of quantum efficiencies (c) from all trans to cis rich state (d) cis rich state to 
trans rich state. 
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Table 3.6 Quantum efficiency for C3F-Azo-C6H/Clay hybrid in swelled state 
 
 
3.5.2 Thermal Isomerization
13, 16, 20-22
  
Trans form is the thermally stable form and another important factor that should be 
taken into account while determining quantum yield is the thermal isomerization of cis 
to trans isomerization along with photoisomerization. The rate constant for thermal 
isomerization from cis to trans was calculated to be 1.18 * 10
-5
 sec
-1 
and from cis rich 
state it takes several days to thermally revert back to photostationary state of trans rich 
form in the case of hybrid in film state. Comparing to the photoirradiation period of 
visible light (overall several minutes) the rate of thermal reaction is negligibly small and 
can have no effect while determining quantum efficiency and these facts are very much 
clear when we look at the absorption spectra of thermal isomerization given in fig. 3.6. 
Thermal isomerization for surfactant in all micro-environments was calculated and rate 
constants were found to be much slower compared to film state. 
System AAS all trans
to cis rich
cis rich to 
trans rich
trans rich 
to cis rich
Hexane 4.2 0.08 1.08 0.07
Benzene 4.2 0.18 0.94 0.19
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Figure 3.6 Thermal cis to trans isomerization of clay/C3F-Azo-C6H hybrid in film 
state at 30 
0
C (a) Absorption changes during thermal back reaction to trans rich form (b) 
Plot of calculation of rate constant for first order reaction. 
 
3.5.3 
1
H NMR spectra and conversion ratio 
When azobenzene and derivatives undergo photoisomerization by light irradiation, pure 
isomer can’t be formed instead a photostationary state is formed with that particular 
isomer as the majority component. But thermally it’s possible to produce all trans form. 
While determining quantum efficiency percentage of each isomer is very crucial 
especially in the case of cis to trans isomerization where absorption co-efficient of cis 
component is very small. 
1
H NMR spectrum gives us an idea about the amount of both 
isomers in PSS.
23, 24
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Figure 3.7 C3F-Azo-C6H in trans and cis form. 
 
(a) C3F-Azo-C6H in ethanol-d6 – C3F-Azo-C6H in deuteriated ethanol is heated for 3 
hours to get an all trans composition, once analyzed and irradiated with 365 nm to 
switch into cis rich form and after NMR analysis again reverse back to all trans form by 
heating at 50 
0
C. 
 
All trans/C3F-azo-C6H/ethanol-d6/300 MHz, δ (ppm) - 7.9, 7.87 (doublet, 2H), 7.78, 
7.75 (doublet, 2H), 7.3, 7.27 (doublet, 2H), 7.17, 7.13 (doublet, 2H). 
 
Cis rich/C3F-azo-C6H/ethanol-d6/300 MHz, δ (ppm) - 7.09, 7.06 (doublet, 2H) 6.94, 
6.91, 6.89, 6.86 (4H, multiplet (1:3:3:1), 6.76, 6.74 (doublet, 2H). 
 
Trans rich 2/C3F-azo-C6H/ethanol-d6/300 MHz, δ (ppm) - 7.9, 7.87 (doublet, 2H), 7.78, 
7.75 (doublet, 2H), 7.29, 7.27 (doublet, 2H), 7.16, 7.13 (doublet, 2H). 
trans form
cis form
N
NON
H
NC 3 F
7
O
N
NON
H
NC3F7
O
a
a' b'
c' d'
dc
b
a
a' b'
b
b1'
b1c1'
c1
CHAPTER 3. REACTIVITY AND PHOTOISOMERIZATION BEHAVIOUR OF C3F-Azo-C6H AND 
C3H-AZO-C6H IN VARIOUS MICRO-ENVIRONMENTS 
 
55 
 
 
Figure 3.8 
1
H NMR analysis of C3F-Azo-C6H in ethanol-d6. 
 
1
H NMR spectrum of C3F-Azo-C6H is discussed broadly in chapter 2. Here the change 
in characteristic peaks (aromatic peaks in benzene ring of azobenzene) will be analysed 
depending on change in the micro-environment due to photoisomerization. Figure 3.8 
shows the photoinduced event was thermally fully reversible, with no 
photodecomposition. These observations were interpreted as the occurrence of trans-cis 
isomerisation. Aromatic cis isomer protons are consistently more shielded than its trans 
isomer counterparts. In all trans and trans rich form, four pair of protons which are 
equivalent gives doublet in each case. In cis rich system four protons come closer to 
each other due to bent shape, giving multiplet with an intensity ratio of 1:3:3:1. With 
repeated trials, we can conclude that both isomer rich states are almost 100% unlike 
unsubstituted azobenzene where the trace presence of other isomer is observed. This 
All trans
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data is very much correlated to that of absorption spectra obtained during photoreaction 
of the same where we have taken 100% conversion for trans to cis isomerization while 
determining quantum yield. 
(b) C3F-Azo-C6H in deuteriated water (micelle) – C3F-Azo-C6H in D2O is heated for 3 
hours to get an all trans composition, once analyzed and irradiated with 365 nm to 
switch into cis rich form and after NMR analysis again reverse back to all trans form by 
heating at 50 
0
C. 
All trans/C3F-azo-C6H/ D2O/300 MHz, δ (ppm) - 7.32, 7.29 (doublet, 4H), 6.71, 6.68 
(doublet, 2H), 6.60, 6.57 (doublet, 2H). 
 
Cis rich/C3F-azo-C6H/ D2O/300 MHz, δ (ppm) – 6.65 – 6.57 (multiplet, 6H), 6.43, 6.40 
(doublet, 2H). 
 
Trans rich 2/C3F-azo-C6H/ D2O/300 MHz, δ (ppm) - 7.35, 7.32 (4H, doublet), 6.76, 6.73 
(doublet, 2H), 6.63, 6.60 (doublet, 2H), 6.45 (singlet, 4H), 6.36, 6.33 (doublet, 2H), 6.21, 
6.18 (doublet, 2H). 
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Figure 3.9 
1
H NMR analysis of C3F-Azo-C6H in D2O. 
 
Compared to monomeric form micellar protons are much more shielded. In micellar 
system aggregation leading to a situation where protons are more electron dense which 
causes the NMR to signal to shift to up field region. The supra molecular assembly makes 
the system difficult to explain. In all trans form, 4 protons are giving a doublet and 2 
protons each doublet. But when cis rich state is attained, a condition where 6 protons 
giving a multiplet and 2 protons giving a doublet and moreover small amount of trans is 
there, but those trans protons are having different orientation to azobenzene of all trans 
and trans rich form, but similar to monomeric form. In trans rich, small percentage of cis 
has been seen and these cis protons are having different orientation to that of the cis in cis 
rich and it is at lower ppm values with 4 protons giving a singlet and 2 protons giving 
doublet each. So we can conclude that all trans form is having single component isomer 
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form unlike cis and trans rich forms and in both isomer rich states, the trace isomer 
component is behaving like monomer protons.  
 
3.5.4 Interlayer expansion due to solvent percolation 
The interlayer spaces of such layered hybrids may be able to bring in various kinds of 
molecules. The XRD patterns of the hybrid immersed with organic solvents are shown 
in fig. 3.10.  
 
Figure 3.10 The XRD patterns of C3F-Azo-C6H/SSA hybrid films wet with (a) 
benzene and (b) n-hexane, respectively. (i) and (iii) are those dried in vacuum before 
and after wetting, respectively. (ii) is the sample wet with the organic solvents 
 
the interlayer spaces of such layered hybrids may be able to incorporate other molecules 
such as solvent. To check this possibility, XRD peaks on the hybrid film swelled with 
benzene or n-hexane were compared with the hybrid film under the dry condition. The 
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XRD patterns of the hybrid swelled with organic solvents are shown in Fig. 3.10. The 
hybrid film swelled with benzene showed the diffraction peak shift to the lower angle as 
compared to that dried in vacuum. (Fig. S1a) This indicates the interlayer distance of the 
hybrid is expanded from 3.45 nm to 3.62 nm by the intercalation of benzene molecules. 
Furthermore, the XRD peak came back to the original position (3.39 nm) by drying in 
vacuum again. On the other hand, no diffraction peak shift was observed in the hybrid 
swelled with n-hexane, indicating that n-hexane molecules cannot penetrate into the 
interlayer spaces of the hybrid.
25
 
 
3.6 Conclusion 
The trans to cis isomerization reaction of C3F-Azo-C6H/SSA film was rather 
retarded (Φtrans to cis = 0.13) as compared to those in ethanol (Φtrans to cis = 0.35) and 
micelle (water (Φtrans to cis = 0.42)). Very interestingly, however, the cis to trans 
isomerization reaction of C3F-Azo-C6H/SSA in the hybrid film was remarkably 
enhanced compared with that in ethanol (Φcis to trans = 0.64) and the quantum yield 
exceeded unity! The quantum yield of C3F-Azo-C6H was estimated to be Φcis to 
trans = 1.9 in the microenvironment of hybrid film under the air atmosphere. 
Furthermore, the similar enhancement was observed in the C3F-Azo-C6H/SSA 
hybrid film moistened with benzene (Φcis to trans = 0.94) and n-hexane (Φcis to trans = 
1.1). The hybrid moistened with n-hexane showed the higher reactivity than that 
with benzene. 
On the other hand, both trans- to cis- (Φtrans to cis =  0.09) and cis- to trans- (Φcis to trans = 
0.42) isomerization reactions of C3H-Azo-C6H/SSA film in the air were not so efficient 
when compared to those of C3F-Azo-C6H, respectively. The quantum yields of 
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azobenzene derivatives in various microenvironments were three-dimensionally shown 
in Fig. 3.11. The efficiency of the trans- to cis- isomerization reaction of C3F-Azo-C6H 
systematically decreased with an increase of the rigidity in the microenvironment 
(EtOH < Micelle < Hybrid film swelled with solvent < Hybrid film under the dry 
condition), while the reactivity was in the opposite order for cis- to trans- isomerization. 
The corresponding hydrocarbon analogue, C3H-Azo-C6H/SSA, was rather independent 
of the tendency. To understand the reactivity of photo-isomerization reaction, especially 
about the enhanced reactivity for the cis- to trans- isomerization in each 
microenvironment, it may be necessary to consider a possibility of contribution by a 
thermal process of azobenzene. 
Before discussing how the absorbed energy would be utilized for the isomerization 
reaction, it should be crucial to understand even briefly about the energy state diagram 
of azobenzene derivatives. According to the previous reports on azobenzene,
26, 27
 the 
energy state S0 (trans- and cis- form), S1(trans- and cis-form), and S2(trans- and 
cis-form) states are depicted as Fig. 3.12a. The cis-form is destabilized by ~50 kJ mol
-1
 
than trans-form and the transition state (TS) in the ground state lies above the cis-form 
(S0) by ~92 kJ mol
-1
, while the potential energy surfaces in the excited states are not so  
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Figure 3.11 Graphical representation of reactivity of C3F-Azo-C6H in various 
micro-environments. 
 
straightforward. The activation energy for the thermal conversion of cis- to trans-form 
was reported to be ~92 kJ mol
-1
 for azobenzene and here we also studied the activation 
energy for the conversion of cis- into trans-form for C3F-Azo-C6H in various 
microenvironments.(chapter 5) The activation energy for C3F-Azo-C6H in ethanol (111 
kJ mol
-1
) was a little larger with azobenzene itself (92 kJ mol
-1
), while in other 
microenvironments such as micelle (99 kJ mol
-1
), C3F-Azo-C6H /clay dispersed in 
benzene (102 kJ mol
-1
), and C3F-Azo-C6H /clay film (98 kJ mol
-1
), the activation 
energy for the conversion from cis- into trans-form decreased in every case as 
compared with that of ethanol. These are very suggestive that cis-form with increased 
free volume is more destabilized in more rigidly packed microenvironment such as 
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micelle and hybrid interlayers. Level crossing between the two parabolas of the ground 
state potential energy of trans-form and cis-form as depicted in Fig. 3.12b could explain 
how the activation energy would change upon the further destabilization of cis-form 
with  
 
Figure 3.12 Schematic illustration of energy state diagrams for photo-isomerization 
(a) unsubstituted azobenzene (b) C3F-Azo-C6H in various microenvironment 
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increased free volume in the more rigid microenvironment. The actually observed 
decrease of the activation energy suggests the further destabilization of cis-form and 
also suggest that the structure of TS is becoming closer to cis-form, since the crossing 
point moves toward cis- form. The situation would lead to a presumption that upon 
excitation of molecule to the excited state either of S1 (trans- or cis-) or S2 (trans- or 
cis-), relaxation down to the ground state potential energy surface may preferably afford 
trans-form, depending on level-crossing of potential energy surfaces within the excited 
states and with those of the ground states. The presumption well explains the systematic 
enhancement of cis- to trans- isomerization in micelle and hybrid nano-layers. The 
remarkable enhancement of the quantum yield exceeding unity, however, still needs 
further explanation. Even when the enhancement is induced by the further 
destabilization of cis-form in rigid microenvironment, the maximum limit of the 
quantum yield should be smaller than unity! Some other factor such as a cooperating 
effect among the adjacent molecules should be operating in the hybrid nano-layered 
microenvironment in addition to the above mentioned effect on the potential energy 
surfaces. Further consideration can be made as follows on this point. 
After the photo-excitation, the excited molecule in the Franck-Condon state either 
in S2 (π-π*) or S1 (n-π*) would relax to the lowest vibrational level of the excited 
states with liberation of excess vibrational energy and suffers the reaction into the 
cis- or trans-form also with liberation of excess energy. In general, the most of the 
excess energy liberated upon vibrational relaxation or on the reaction pathway is 
immediately dissipated through intramolecular vibrational modes and equilibrated 
among them within the corresponding molecule. And subsequently the 
equilibrated excess energy is further dissipated to the surrounding media such as 
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solvent molecules through V-V and V-T processes.
28, 29
 In fluid solution such as 
ethanol, all the dissipation processes should be completed within ca. ten pico- 
seconds time scale and the photochemically excited molecule is rapidly quenched 
to be thermally equilibrated with the surrounding solvent molecules as the external 
heat-bath. The negligible thermal process of isomerization induced by the external 
heat-bath of fluid microenvironment as mentioned fig. 3.6 indicates that the 
photo-isomerization in other microenvironment than in ethanol should have the 
similar reactivity with it in ethanol, if the excess energy dissipation has the similar 
situation with it in fluid ethanol. The actual reactivities in the hybrid nano-layered 
environments, however, are very much different and remarkably enhanced (Φcis to 
trans = 1.9). (Table 3.4) These results strongly suggest that the situation of the 
energy dissipation is fairly different in the hybrid environment than that in ethanol. 
In ethanol, the excess energy in the form of vibrational energy of C3F-Azo-C6H can be 
easily transferred to the surrounding solvent molecules and dissipates very efficiently 
through the microenvironments. However, in solid state such as the hybrid nano-layered 
microenvironment, the excess energy may be difficult to dissipate as compared to that in 
solution. The low efficiency of trans- to cis- isomerization in the hybrid film also 
implies that a local heating around the molecule caused by the retarded dissipation of 
excess energy prefers more population on trans-form by a locally heated thermal 
process. Very interestingly, the enhancement of cis- to trans- isomerization was not 
observed in the corresponding hydrocarbon analogue, C3H-Azo-C6H/SSA film. The 
perfluoroalkyl chain thus should play a key role in the mechanism. The weak 
intermolecular interaction of perfluoroalkyl chain and the well-aligned bilayer structure 
within the interlayer spaces may cause the retardation of the heat energy dissipation to 
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the surrounding environment. In this viewpoint, the order of the enhancement between 
the hybrid dry film (Φcis to trans = 1.9) > the film moistened with n-hexane (Φcis to trans = 
1.1) > moistened with benzene (Φcis to trans = 0.94) >> in ethanol (Φcis to trans = 0.64) well 
rationalize the presumption. The hybrid film moistened with benzene exhibits an 
expansion of the interlayer distance to allow a penetration of benzene molecule into the 
interlayer, while n-hexane does not penetrate into the interlayer as shown in figure 3.10. 
The intercalated benzene molecules would partly accept the excess energy like solvent 
molecules. From the viewpoint of the morphology change of the layered hybrids, such 
specific bilayer nanostructure, which could induce the local heating, may serve as 
microenvironment to induce the large reversible morphology change.  
In steady state we have observed an enhancement of reactivity when we go on from 
monomeric to layered supramolecular assembly. In this perspective, it should be most 
interesting to study the factors that control the reactivity and reactivity at excited state. 
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Chapter 4.  
Activation Energy of C3F-azo-C6H in Various 
Micro-environments 
 
4.1 Introduction 
Unlike trans to cis isomerization, cis to trans isomerization proceed thermally, since the 
activation energy barrier is comparatively less than that for reverse isomerization.
1-11
 
There has been much controversy about the pathway of cis-trans isomerization and 
mechanism of photoisomerization is still under debate.
12-19
 But for thermal back 
reaction, many researchers uniquely identifies the inversion mechanism as the energy 
won’t be much enough to satisfy the rupture of double bond of nitrogen, causing 
rotation and it is speculated to follow the much less energy costing route of inversion.
13, 
14, 17, 19
 In the present study, we are more focusing our attention to have an idea about the 
transition state of polyfluorinated cationic surfactant containing azobenzene moiety in 
various micro-environments as we observed the gradual increase in reactivity for cis to 
trans isomerization when we go on from monomeric, micellar, hybrid dispersed to 
hybrid film state and unusual high reactivity in high pressure condition. 
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Figure 4.1 Hierarchy of reactivity of photoisomerization of C3F-Azo-C6H. 
 
4.2 Experimental 
Monomeric, micellar, clay hybrid in dispersed and film state with Polyfluorinated 
azobenzene cationic surfactant was prepared and cis rich form in the PSS is prepared by 
365 nm (Xe lamp, USHIO, Optical Modulex) irradiation. Thermal isomerization was 
measured using absorption spectrometer (SHIMADZU, UV-2550). Thermal 
isomerization is carried out by equilibrating in temperature controlled circulator 
(yamato, KOMATSU). For film state measurement, special type thermally conducting 
holder is used. Temperature of thermal conducting holder for film state was measured 
using temperature controller (TR-K, AS ONE). 
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4.3 Principle 
In order to have a deeper insight into the reaction mechanism and nature of 
micro-environment of hybrid systems formed by C3F-azo-C6H, it should be crucial to 
have an idea about the potential energy surface of this molecule. Activation energy can 
give us a better way to understand the potential energy surface in other way. In order to 
accomplish that, cis to trans isomerization was monitored in each micro-environment at 
its isomer rich state, viz., solution, micelle, clay hybrids.
2, 20, 21
 
 
Arrhenius equation is given by, 
 
 
 
Arrhenius plot shows that reaction rates are inversely proportional to temperature 
changes.  The negative slope from the Arrhenius plot gives the activation energy, Ea. 
Slope = -Ea/R. Extrapolation of the Arrhenius plot back to the y-intercept gives ln A 
Arrhenius plot shows activation energy and temperature affect the sensitivity of the 
reaction rate. 
 
A . ek =
–Ea/RT
Where Ea is the activation energy.  
The graphical form of Arrhenius equation is given by, 
- ln A ln k = - Ea / RT
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From equations (1), (2) and (3) 
 
 
The final form of equation gives rate constant in each case.  
4.4 Result and discussion 
4.4.1 Activation energy of C3F-Azo-C6H in ethanol  
Thermal isomerization of C3F-Azo-C6H in ethanol (0.03 mM) at various temperatures 
was carried out. Thermal isomerization follows first order kinetics. At each temperature 
trans                   cis
∆k
t = 0   (1-x) C0 xC0
t = t    (1-y) C0 yC0
t =                C0 08
y = x. e-kt, i.e., ln y = -kt + ln x              ……..(1)
at t =0 
Apss = εt.(1-x).C0 + εc.x.C0 + γ
(Apss - C0.εt –γ)
x =
C0.(εc – εt)
at t =t, A∆ = εt.(1-y).C0 + εc.y.C0 + γ
(A∆ - C0.εt –γ)
y =
C0.(εc – εt)
..…….(2)
..…….(3)
(A∆ - C0.εt –γ)
= kt
(Apss - C0.εt –γ)
ln
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cis rich state of the surfactant solution was prepared by irradiating with 365 nm (0.2mW, 
3 hours) by keeping in thermally conducting holder at a fixed temperature in dark. After 
reaching photostationary state, it was then kept in dark and thermal back reaction was 
monitored periodically. The optical density at 365 nm of the trans isomer was recorded 
as a function of time at each temperature. By using first order rate equation, rate 
constant, k was calculated. By plotting the natural logarithm of rate constant versus 
inverse of temperature, activation energy (AE) was derived. 
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Figure 4.2 (1) Absorption spectra of thermal isomerization of C3F-Azo-C6H/ethanol at 
each temperature (left) (2) Plot of optical density versus time at each temperature 
(right). 
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Figure 4.3 Plot of inverse of temperature vs. logarithm of rate constant for calculation 
of activation energy for C3F-Azo-C6H/ethanol. 
 
The effective temperature sensed, was slightly lower than the set temperature. Exact 
temperature was considered while determining rate constant. Thermal isomerization and 
time dependent absorbance change at 365 nm at each temperature was shown in figure 
4.2. Rate constants are given by 4.745 X 10
-2 
min
-1 
(70 
0
C, set temp. - 61 
0
C, exact 
temp.), 2.704 X 10
-2 
min
-1
 (63 
0
C - 56 
0
C), 1.378 X 10
-2 
min
-1
 (56 
0
C - 51 
0
C), 5.08 X 10
-3
 
min
-1
 (45 
0
C - 43 
0
C), 7.94 X 10
-4
 min
-1
 (30 
0
C - 30 
0
C). As the temperature for back 
reaction was decreased, time taken in reaching the PSS was also increased and at 30 
0
C, 
it takes almost 3 days and this is indicated further by rate constants. Calculation of AE is 
shown in figure 4.3. AE was calculated to be 111.2 kJ/mol.  
 
4.4.2 Activation energy of C3F-Azo-C6H in water 
Thermal isomerization of micellar solution of C3F-Azo-C6H (0.033 mM) at various 
temperatures was carried out. Here also thermal isomerization follows first order 
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kinetics. At each temperature cis rich state of the surfactant solution was prepared by 
irradiating with 365 nm (0.2mW, 3 hours) by keeping in thermally conducting holder at 
a fixed temperature in dark. After reaching photostationary state, it was kept in dark and 
thermal back reaction was monitored periodically. The optical density at 365 nm of the 
trans isomer was recorded as a function of time at each temperature. By using first order 
rate equation rate constants, k were calculated. By plotting the natural logarithm of rate 
constant versus inverse of temperature, activation energy (AE) was derived. 
The effective temperature sensed was slightly lower than the set temperature. Exact 
temperature was considered while determining rate constants. Thermal isomerization 
and time dependent absorbance change at 365 nm at each temperature is shown in figure 
4.4. Rate constants are given by 3.458 X 10
-2 
min
-1
 (70 
0
C - 65 
0
C), 1.803 X 10
-2 
min
-1
 
(62 
0
C - 58 
0
C), 5.22 X 10
-3 
min
-1
 (53 
0
C - 48 
0
C), 2.22 X 10
-3
 min
-1
 (43 
0
C - 40 
0
C). 
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Figure 4.4 (1) Absorption spectra of thermal isomerization of C3F-Azo-C6H/water at 
each temperature (left) (2) Plot of optical density versus time at each temperature 
(right). 
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As the temperature for back reaction was decreased, time taken in reaching the PSS was 
also increased and this is further indicated by decrease in rate constants.
 
Calculation of 
AE is shown in figure 4.5. AE was calculated to be 99.3 kJ/mol.
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Plot of inverse of temperature vs. logarithm of rate constant for calculation 
of activation energy for C3F-Azo-C6H/water. 
4.4.3 Activation energy of C3F-Azo-C6H/clay hybrid in dispersed state of benzene 
Hybrid of C3F-Azo-C6H dispersed in benzene was prepared and thermal isomerization 
of at various temperatures was carried out. Here also thermal isomerization follows first 
order kinetics. At each temperature cis rich state of the surfactant solution was prepared 
by irradiating with 365 nm (0.2mW, 3 hours) by keeping in thermally conducting holder 
at a fixed temperature in dark. After reaching photostationary state, it was then kept in 
dark and thermal back reaction was monitored periodically. The optical density at 365 
nm of the trans isomer was recorded as a function of time at each temperature. By using 
first order rate equation rate constants, k were calculated. By plotting the natural 
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logarithm of rate constant versus inverse of temperature, activation energy (AE) was 
derived. 
In this system effective temperature sensed will be slightly lower than the set 
temperature. Exact temperature was considered while determining rate constant. 
Thermal isomerization and time dependent absorbance change at 365 nm at each 
temperature is shown in figure 4.6. Rate constants are given by 6.486 X 10
-2 
min
-1
 (70 
0
C 
- 65 
0
C), 3.19 X 10
-2 
min
-1
 (63 
0
C - 59 
0
C), 1.336 X 10
-3 
min
-1
 (53 
0
C - 50 
0
C), 3.62 X 10
-3
 
min
-1
 (43 
0
C - 40 
0
C), 9.9 X 10
-4
 min
-1
 (30 
0
C - 30 
0
C). 
As the temperature for back reaction was decreased, time taken in reaching the PSS was 
also increased and this was further indicated by decrease in rate constants.
 
Calculation 
of AE is shown in figure 4.7. AE was calculated to be 101.8 kJ/mol. 
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Figure 4.6 (1) Absorption spectra of thermal isomerization of C3F-Azo-C6H/SSA 
hybrid dispersed in benzene at each temperature (left) (2) Plot of optical density versus 
time at each temperature (right).  
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Figure 4.7 Plot of inverse of temperature vs. logarithm of rate constant for calculation 
of activation energy for C3F-Azo-C6H/SSA hybrid dispersed in benzene. 
 
4.4.4 Activation energy of C3F-Azo-C6H/clay hybrid in film state 
Unlike the above three system where AE was measured in solution state with common 
thermal equilibration apparatus, thermal isomerization in film state measurement was 
equipped with more sophisticated reaction set up. Since it’s a constrained media, 
uniform heating is the most important factor and for that hybrid film was sandwiched 
between highly conducting metal blocks with a small hole to measure the time 
dependent periodical change in absorption at various temperatures.  
Thermal isomerization follows first order kinetics. At each temperature cis rich state of 
C3F-Azo-C6H/Clay hybrid film state was prepared by irradiating with 365 nm (0.2mW, 
3 hours) by keeping in thermally conducting holder at a fixed temperature in dark. After 
reaching photostationary state, it was then kept in dark and thermal back reaction was 
monitored periodically. The optical density at 365 nm of the trans isomer was recorded 
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as a function of time at each temperature. By using first order rate equation rate 
constants, k were calculated. By plotting the natural logarithm of rate constant versus 
inverse of temperature, activation energy was derived. 
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Figure 4.8 (1) Absorption spectra of thermal isomerization of C3F-Azo-C6H/SSA 
hybrid film at each temperature (left) (2) Plot of optical density versus time at each 
temperature (right).  
 
In this system effective temperature sensed was slightly lower than the set temperature. 
Exact temperature was considered while determining rate constant. Thermal 
isomerization and time dependent absorbance change at 365 nm at each temperature is 
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As the temperature for back reaction was decreased, time taken in reaching the PSS is 
also increased and this was further indicated by decrease in rate constants.
 
Calculation 
of AE is shown in figure 4.9. AE was calculated to be 98.1 kJ/mol.
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Plot of inverse of temperature vs. logarithm of rate constant for calculation 
of activation energy of C3F-Azo-C6H/SSA hybrid film. 
 
Table 4.1 Summary of activation energy calculated in each micro-environment 
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4.5 Conclusion 
We can conclude that activation energy for hybrid and micellar system is comparatively 
lower than monomeric system having a difference of 10 KJ/mol. For an unsubstituted 
azobenzene, activation energy is 142 KJ/mol and its quite reasonable to have lower 
value in our system as it is modified with perfluoro chain with long alkyl-amino chain 
and hydrocarbon substituent. This strongly evidence for the high reactivity in our 
micro-environment from one perspective.
22, 23
   
Depends on the molecular assembly, surrounding conditions, pressure, temperature and 
substituent effects, all may cause the slight shift of electronic state. Here we speculate 
that when we go on from monomeric to hybrid system in very much constrained media, 
ground and excited state cis energy level slightly change upside which may force the 
potential energy  
 
Figure 4.10 Possible pathway of cis to trans isomerization on the basis of activation 
energy measurements. 
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surface to shift towards the S1 level of cis form. This shift could be maximum under 
high pressure and causing large reactivity for cis to trans isomerization. This fact is 
indorsed by the gradual decrease in reactivity of trans to cis isomerization.   
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Chapter 5.  
Laser flash photolysis of C3F-azo-C6H in various 
microenvironments 
 
5.1 Introduction 
The well-known azobenzene and its derivatives, one of the most extensively studied 
category of molecules, normally exist in their trans ground state which is the stable 
conformation at room temperature in the dark. This trans conformation shows a strong 
absorption maximum at around ~340 nm, which results from its п-п* (S0 to S2) 
transition.
1-4
 Upon excitation with UV light, the trans azobenzene and its derivatives 
isomerizes within picoseconds to the cis form.
5, 6
 This trans-to-cis transformation is 
accompanied by a strong decrease in the п-п* absorption band. Many azobenzene 
derivatives show a large barrier to isomerization in the ground state. Thus, if the cis 
state were formed, it could remain for several days at room temperature until it 
thermalized to its stable isomer of trans form.
7
 The cis-azobenzene derivatives show an 
absorption band at 435 nm, which results from its n-п* (S0 to S1) transition. Excitation 
of the cis component within this transition with the visible light induces a cis-to-trans 
transition. But here we are mainly dealing with excitation of trans form using 
excimer-dye laser at 365 nm to measure both transient as well as decay profiles. 
Our group already reported the reversible photo induced sliding, expansion and 
contraction of niobate nanosheets even in macroscopic level along with 
photoisomerization of polyfluoroalkylated azobenzene derivative (C3F-azo-C6H) which 
was intercalated within the interlayer.
8, 9
 This photoinduced morphological motion in 
CHAPTER 5. LASER FLASH PHOTOLYSIS OF C3F-Azo-C6H IN VARIOUS 
MICROENVIRONMENTS 
88 
 
niobate/ C3F-azo-C6H hybrid can be viewed as an artificial muscle model unit. In this 
view point it should be most interesting to reveal factors that control the reactivity and 
microscopic structure of this hybrid material. Spectroscopic studies especially time 
resolved spectroscopy can be used as a powerful tool in order to have a detailed nature 
of these micro-environments. At first behaviour of this azobnzene surfactant in solution 
state using nanosecond laser flash photolysis in various micro-environments will be 
reported, followed by film state of hybrid compounds of the same with clay. The solid 
state studies, i.e. in laser studies in constrained media is having great significance in this 
particular contest since we observed unusual phenomenon of quantum efficiency 
exceeding to that of unity. Most interestingly, excited state dynamics are further 
compared with non-fluoro derivative (C3H-Azo-C6H) in hybrid with clay. In addition 
laser power dependent studies are also carried out and compared among 
micro-environment.   
 
5.2 Experimental 
Nanosecond transient absorption and decay curves were measured using excimer laser 
(308 nm). Probe sources were high power monochromatic LED (decay curve, 365 nm 
and 455 nm) and pulsed xenon flash (transient absorption). Laser power was decreased 
using glass filters. The S2 absorption band of azobenzene derivative is matched with the 
pump beam which has a wavelength of 308 nm. Photomultiplier tube associated with a 
monochromator was used as the detector in decay profile measurement. Transient 
absorption was monitored with Spectrometric Multichannel Analyzer (SMA). With the 
Digital delay generator (DG-535) frequency of irradiation was set to be 1 Hz and same 
harmonizes shutter control of the probe beams. In solution state while averaging of 
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spectra, we have taken care that sample was always excited from trans form, since 
azobenzene and its derivatives switches to other form upon suitable wavelength. 
Absorbance change was found to be negligible below 2% upon 5 shots, there after it 
was filled with fresh all trans sample. The laser power was set to be 1 mJ/pulse in 
solution state, measured using a power meter. In the case of film sample, after each shot, 
trans form was recovered back by visible light (470 nm) irradiation. Initially all samples 
were heated at 60 
0
C for about 3 hours.  
 
 
Figure 5.1 Optical alignment for the direct excitation of XeCl laser in solution and solid 
states. 
 
5.3 Result and Discussion 
5.3.1 Monomeric State – C3F-Azo-C6H/Ethanol 
Transient absorption: C3F-Azo-C6H in ethanol in all trans state was monitored from 
350 nm to 650 nm using SMA. A transient spectrum showed a clear disappearance of 
trans species and small rise cis form. In this case only process involved is 
photoisomerization and this can be easily read out. Flash lamp spectrum is noisy around 
CHAPTER 5. LASER FLASH PHOTOLYSIS OF C3F-Azo-C6H IN VARIOUS 
MICROENVIRONMENTS 
90 
 
350 nm regions, but still phenomenon is clearly observed and its shown in left hand side 
of the fig. 5.2. 
Decay curve: We have monitored one wavelength, 365 nm and are given in right hand 
side of fig. 5.2. Figure shows the depletion of trans component. From 100 
nanosecond/division to 1 millisecond/division, when we monitor, only depletion of 
trans was observed as a result of the photoisomerization. This is very well correlated to 
transient absorption which indicates no change in dynamic spectra when we monitor 
from 0 ns to 1 ms. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 (a) Transient absorption spectrum (b) decay profile of C3F-Azo-C6H in 
ethanol. 
5.3.2 Micellar State – C3F-Azo-C6H/Water 
Even though the system is totally different in water which forms micellar structure 
compared to monomeric system in ethanol, simple cis-trans isomerization was observed 
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in this case also. The absorption spectrum was slightly red shifted to that of ethanolic 
solution and that resulted in the different shape of transient absorption in the case of 
micelle. But both transient spectra and decay profiles of varying time scales are totally 
similar showing the disappearance of trans species and rise of cis component and these 
are shown in fig 5.3.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 (a) transient absorption spectrum (b) decay profile of C3F-Azo-C6H/water. 
 
5.3.3 Dispersed State – C3F-Azo-C6H/Clay Hybrid – Benzene 
Here comes one of the most interesting results. With 1 mJ laser pulse excitation, the 
decay of any species, werr hardly observed. This is very clear when we look at the fig. 
5.4. Transient absorption shows no species other than cis and trans. Decay curves are 
also quite similar to micellar and solution state.  
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Figure 5.4 (a) Transient absorption spectrum (b) decay profile of C3F-Azo-C6H/clay 
hybrid in benzene. 
 
5.3.4 Dispersed State – C3F-Azo-C6H/Clay Hybrid – Hexane 
The most fascinating result was observed in this system. Unlike in benzene dispersed 
system of clay hybrid with surfactant, transient absorption showed the cooling down of 
intermediates. The spectra at 0 ns is totally different from that of 1 ms. The 0 ns and 100 
ns delayed transient spectra is totally giving negative absorption and its speculated that 
heavy broadening is caused by the immense heat evolved in molecular level. Another 
interesting point is that, unlike all other system reported previously, in this particular 
contest, rise of cis very slow and very small which was found to be observed after 1 ms.  
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These results were further supported by kinetic analysis monitored at 365 nm. Initial 
800 nanoseconds are composed of two species. The second species is then continuously 
recovered gradually and further recovered along with the formation of new species. As 
the recovery of 3
rd
 species is completed, final ‘cooled’ cis form was observed thereafter. 
These things can be read out unquestionably from fig. 5.5.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 (a) Transient absorption spectrum (b) decay profile of C3F-Azo-C6H/clay 
hybrid in hexane. 
 
The curious thing in this system is the presence of a sudden rise of signal along with the 
formation of the first intermediate. So decay analysis is not perfectly matched in this 
case and this could be happening due to the baseline fluctuation leading or due to laser 
ablation. So hybrid film sandwiched and immersed in hexane will be discussed in detail.   
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5.3.5 Nanosecond Laser Studies in Film State 
Manually working spray machine under nitrogen flow was used for the preparation of 
uniform film. Uniformity of the sample was highly enhanced compared to drop casted 
film. This fact was further checked by absorption spectra in different position of film 
sample. To measure the decay curve and transient absorption spectra, in each time scale 
and delay time, single shot method was adopted since in constrained media stirring was 
impossible as in solution state. After each shot, even I0, sample recovered to trans form 
by visible light irradiation for 30 seconds. The recovery to trans form was confirmed by 
absorption spectra.  
 
5.3.5.1 Film state - C3F-Azo-C6H/SSA 
C3F-Azo-C6H/SSA hybrid (AAS 4.2) film was prepared by uniformly coating on 
cleaned glass substrate with an absorbance of 0.74 at 365 nm (observed wavelength). In 
decay curve as well as transient absorption measurements, files were averaged. Laser 
power per unit area was calculated very precisely in constrained media with each laser 
power designated as LP1 (1 mJ/8.3 mm
2
), LP2 (2 mJ/8.3 mm
2
), LP4 (4 mJ/8.3 mm
2
). At 
first decay profiles of clay/C3F-azo-C6H in film state at various timescales will be 
reported. The results obtained are very well correlated to that of decay kinetics which 
was already reported as in the case of dispersed state of clay hybrid in hexane. We could 
see the presence of phenomenon of radiation less deactivation of excited species in film 
state as well. But the nature and factors are much different and to have much more idea 
we need to monitor cis contribution, transient absorption measurement, laser power 
dependency, hybrid having different adsorbed amount of surfactant, detailed kinetic 
analysis etc.   
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Figure 6.6b shows the decay curve of C3F-Azo/SSA hybrid (having a surfactant 
adsorbed amount of 4.2 vs CEC to that of SSA) in film state. As evident from graph, 
first species decays very rapidly followed by second and third species within 100 
microseconds and ‘cooled’ cis form gradually formed. The differential absorbance was 
gradually decreased from initial stage and remains constant at several hundreds of 
microseconds and that value directly reflects the reactivity from trans to cis 
isomerisation. The value (of stable cis form) is much smaller compared to solution, 
micellar and dispersed state where Φtrans to cis is decreased to 1/4
th
 of the value in 
monomeric state.  
Transient absorption spectrum was also measured with same conditions and it’s very 
well correlated to the decay profile. The spectra were rather broadened at 0 nanosecond 
time delay and degree of broadening was enhanced at 100 ns time delay. More 
interestingly recovery of species is evident as go on from 0 nanosecond time delay to 
1millisecond time delay where stable cis was formed. There was no positive absorption 
signal within several microseconds delay and cis form is observed at much delayed state 
of several hundreds of microseconds. These all point towards the excess energy 
liberated by relaxation is efficiently protected within nanolayer and this kind of ‘hot’ 
state causes the broadening of spectra at initial time and due to which back reaction is 
spontaneously happening as cis is reverted back to trans form by molecular dissipated 
heat.  
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Figure 5.6 C3F-Azo-C6H/SSA hybrid in film state with LP1 (a) Transient absorption 
spectra (b) decay kinetics monitored at 365 nm. 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Decay kinetics of C3F-Azo-C6H/SSA hybrid in film state monitored at 455 
nm with LP1. 
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5.3.5.2 Laser power dependency – C3F-Azo-C6H/SSA film state 
Here the decay profiles of C3F-Azo-C6H/SSA in film state at LP2 and LP4 will be  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 C3F-Azo-C6H/clay hybrid in film state with LP2 and LP4 (a) and (c)  
Transient absorption spectra (b) and (d) decay kinetics of monitored at 365 nm. 
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reported and its nature of decay and kinetics will be analyzed and compared to that of 
LP1 in detail. The phenomenon and intermediate formation is found to follow the same 
trend as that of LP1 even at higher power measurements. The differential absorbance 
was found to be gradually increased with increase in power as it reflects the increase in 
the number of molecules reacted to form cis species.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Decay curves of C3F-Azo-C6H/clay hybrid in film state monitored at 455 
nm (a) LP2 (b) LP4. 
 
 
 
 
 
 
 
Decay Time
 100 ns
 
 1 us
 
 10 us
 
 100 us

 O
.D
. 
(0
.0
2
 /
 d
iv
)
 
 
 1 ms
 
Decay Time
 100 ns
 
 1 us
 
 10 us
 
 100 us

 O
.D
. 
(0
.0
2
 /
 d
iv
)
 
 
 1 ms
(a) (b) 
CHAPTER 5. LASER FLASH PHOTOLYSIS OF C3F-Azo-C6H IN VARIOUS 
MICROENVIRONMENTS 
99 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10 Laser power dependency on decay curves of C3F-Azo-C6H/SSA (a) 0.1 us 
/ div (b) 1 us / div (c) 10 us / div (d) 100 us / div.  
 
Figure 5.10 shows the laser power dependent decay in different timescales. Detailed 
analysis shows that the reactivity is heavily dependent on laser power and goes on 
increasing with increasing laser power but intermediate formation and recovery has 
found to be little affected by laser power. Detailed analysis at each power and 
comparison among themselves was carried out.  
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5.3.5.3 Lifetime analysis – C3F-Azo-C6H/SSA film state 
As there is no laser power dependency, decay kinetics were determined based upon LP4 
profiles. S/N ratio is much higher at LP4 which will be ideal while determining lifetime 
 
Table 5.1 Lifetime of intermediates formed in C3F-Azo-C6H/SSA hybrid with LP4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 Lifetime analysis of intermediates formed in C3F-Azo-C6H/Clay hybrid 
with LP4 (a) 0.1 us / div (b) 10 us / div. 
Fit No. Osc. Time Range τ1 / μs τ2 / μs τ3 / μs
1
0.1 μs/div.
0.24 ± 0.01 - -
2 0.13 ± 0.01 1.37 (Fixed) -
3 1 μs/div. 0.19 ± 0.02 1.37 ± 0.12 -
4
10 μs/div.
- 0.67 ± 0.08 10.11 ± 1.71
5 - 1.37 (Fixed) 8.22 (Fixed)
6 100 μs/div. - 8.22±2.65
0.13 1.4 8
(a) (b) 
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of intermediates formed. Since the thermally equilibrated species were relaxed by 
multistep process, lifetime was determined by fixed method. Details of the process and 
lifetimes of intermediates formed in C3F-Azo-C6H/SSA hybrid in film state are 
summarized in Table 5.1.  
 
5.3.5.4 Studying the effect of polyfluorinated chain on the heat dissipation pathway 
and formation of intermediates - C3H-Azo-C6H/SSA in film state 
Decay Curve – C3H-Azo/SSA  
Intermediate formation while decaying to cis form is evident from C3F-Azo-C6H/SSA 
hybrid film. It should be most promising if we could have much knowledge about the 
intermediate formation. In this perspective laser studies on C3H-Azo-C6H/SSA in film 
state was carried out.  
C3H-Azo-C6H/SSA hybrid film was prepared by uniformly coating on cleaned glass 
substrate with an absorbance of 0.93 at 365 nm (observed wavelength) and 0.56 at 308 
nm (excited wavelength). In decay curve as well as in transient absorption 
measurements, files are averaged. Laser power per unit area was calculated very 
precisely in constrained media. Each laser power is designated as LP1 (1 mJ/8.8 mm
2
), 
LP2 (2 mJ/8.8 mm
2
), LP4 (4 mJ/8.8 mm
2
). 
Figure 5.12 shows the decay curves of C3H-Azo-C6H/SSA with LP1. Here also we 
could assign the multistep relaxation from trans to cis form. The time dependent decay 
of intermediates was apparently comparable to that of C3F-Azo/SSA hybrid. Detailed 
comparison between these two systems is inevitable, power dependent and time 
dependent changes are to be critically analyzed.   
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Figure 5.12 Decay kinetics of C3H-Azo-C6H/clay hybrid in film monitored with LP1 
observed at (a) 365 nm (b) 455 nm. 
 
5.3.5.5 Laser power dependency – C3H-Azo-C6H/SSA 
Laser power dependent studies on C3H-Azo-C6H/SSA hybrid film will be discussed 
and its nature of decay and kinetics will be analyzed and compared to that of LP1 in 
detail. The phenomenon and intermediate formation was found to follow the same trend 
as that of LP1 even at higher power measurements. The differential absorbance was 
gradually found to be increased with increase in power as it reflects the increase in the 
number of molecules reacted to form cis species.  
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Figure 5.13 Decay kinetics of C3H-Azo-C6H/clay hybrid in film monitored with LP2 
observed at (a) 365 nm (b) 455 nm and LP4 (c) 365 nm and (d) 455 nm. 
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Figure 5.14 shows the laser power dependent decay in different timescales. Detailed 
analysis shows that the reactivity was found to be heavily dependent on laser power and 
increases up on increasing laser power but intermediate formation and recovery has 
found to be little affected by laser power. Detailed analysis at each power and 
comparison among themselves is carried out.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 Laser power dependency on decay curves of C3H-Azo-C6H/clay hybrid (a) 
0.1 us / div (b) 1 us / div (c) 10 us / div (d) 100 us / div. 
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5.3.5.6 Lifetime Analysis – C3H-Azo-C6H/SSA Hybrid Film 
As there is no laser power dependency, decay kinetics were determined based upon LP4 
profiles. S/N ratio is much higher at LP4 which will be ideal while determining 
lifetimes of intermediates formed. Since the thermally equilibrated species were relaxed 
 
Table 5.2 Lifetime of intermediates formed in C3H-Azo-C6H/Clay hybrid with LP4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15 Lifetime analysis of intermediates formed in C3H-Azo-C6H/Clay hybrid 
with LP4 (a) 0.1 us / div (b) 10 us / div. 
(a) (b) 
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by multistep process, lifetime was determined by fixed method. Details of the process 
and lifetimes of intermediates formed in C3H-Azo-C6H/SSA hybrid in film state are 
summarized in table 5.2. 
  
5.3.5.7 Comparison – C3F-Azo-C6H & C3H-Azo-C6H  
Already we have discussed the power dependency. The comparison between these 
systems gives the micro-environment dependency.  
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Figure 5.16 Microenvironment dependency (LP4) on decay curves – C3F-Azo-C6H 
and C3H-Azo-C6H/SSA in each time scale. 
 
Difference between the decay natures between them could be clearly read out. First 
component of C3H-Azo/SSA decays faster, followed by the much slower decay of 
descendant intermediates.  The lifetime analysis also clearly shows this difference and 
this could be easily read out from fig. 5.16. The trend is followed in LP2 decay as well. 
Figure 5.16 shows the faster decaying 1
st
 component of C3H-Azo/SSA and slower 
decaying of supplanted intermediates in comparison with the polyfluorinated 
counterpart.  
The difference in reactivity of C3H-Azo/SSA and C3F-Azo/SSA can be given by; 
steady state as well excited state aspects. Quantum efficiency for cis to trans 
isomerization is considerably much lower in C3H-Azo/SSA, where back reaction is not 
so feasible as in the case of C3F-Azo/SSA system. Even though trans to cis 
isomerization is similar in reactivity back reaction in nonpolyfluorinated clay hybrid is 4 
times lower. So with pulsed excitation back reaction will be much less. That is 
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polyfluorinated chain has crucial influence in both steady state and exited state 
dynamics. 
 
5.3.6 Laser studies in swelled state of hybrid sample 
5.3.6.1 Decay Kinetic Analysis 
In hexane dispersed sample, both transient spectra and decay profile measurements were 
found to show laser ablation. Quantum yield of photoisomerization was also incorrectly 
measured due to this phenomenon. To resolve that film sample was immersed in solvent. 
Details are reported elsewhere (chapter 3). Compared to dispersed state, rise signal 
coupled with first intermediate is absent even at higher laser power (4 times to that in  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17 Decay kinetics of C3F-Azo-C6H/clay hybrid in film state swelled in 
hexane monitored at 365 nm with LP4.  
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dispersed state). In hexane with LP4 (4 mJ/8.8 mm
2
) pulse excitation as similar to C3F 
and C3H hybrid system in air, multistep decaying process is observed. 
 
5.3.6.2 Lifetime Analysis – C3F-Azo-C6H/SSA Hybrid Film Swelled with Hexane 
Lifetimes of intermediates formed were determined. Since the thermally equilibrated 
species were relaxed by multistep process, lifetime was determined by fixed method. 
The first component has much shorter lifetime than both systems in air. But 
interestingly second and third intermediates are decaying much slowly. Decay profiles 
are shown in fig. 5.18. In dispersed state of benzene heat dissipation is much faster 
showing the presence of no intermediate. This point is confirmed by XRD and steady 
state reactivity studies where interpenetrated solvent molecule quenches the dissipated 
heat with much ease. Details of the process and lifetimes of intermediates formed in 
C3F-Azo-C6H/SSA hybrid film immersed in hexane state are summarized in table 5.2.  
 
Table 5.3 Lifetime of intermediates formed in C3F-Azo-C6H/Clay hybrid swelled in 
hexane with LP4. 
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Figure 5.18 Lifetime analysis of intermediates formed in C3F-Azo-C6H/Clay hybrid 
swelled in hexane with LP4 (a) 0.1 us / div (b) 10 us / div. 
 
5.4 Conclusion - Plausible Pathway for the Dissipation of Excess Energy 
We have clearly observed the time dependent cooling down of least dissipated energy 
up on photo-isomerization of clay hybrid in film state and hexane. How this multi-step 
relaxation is happening within this hybrid? Since isomerization process is as fast as 
happening in picosecond time region, we can never imagine the intermediates observed 
between nanosecond to millisecond to affect the isomerization pathway.
5, 6
 Azobenzene 
and its derivatives undergo photo-isomerization at ultrafast timescale back and forth.  
(a) (b) 
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Figure 5.19 Mechanistic pathways showing the isomerization of azobenzene moiety.
10
 
 
The mechanism of isomerization is still under controversy with two main pathways put 
forward:
10-12
 
(1) Rotation around the N double bond (2) Inversion around the N double bond. 
Recently two more mechanistic pathways are put forward: - concerted inversion and 
inversion assisted rotation.
10
 Even if we monitor at single wavelength, isomerization 
quantum yield for cis to trans and reverse is found to be different and their summation 
of reactivity won’t give us unity which indicates multi step pathway is involved. It has 
been reported by many scientists that quantum efficiency is dependent on many factors 
like excitation wavelength, solvent, substituents etc.
1, 3, 4, 10-14
 In our case, lifetime of 
intermediates is ranging from nanoseconds to microseconds so that any inclusion of 
intramolecular process can be neglected. We put forward the idea of intermolecular 
equilibration of excess energy. 
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After laser irradiation molecule may undergo relaxation from S2 state. The intermediate 
formation occurs through equilibration of least dissipated energy of isomerization. In 
the case of monomeric and micellar system where the excess energy is freely dissipated 
to surrounding medium, shows simple trans to cis isomerization. Kinetic analysis of 
C3F-Azo-C6H/SSA hybrid evidently shows the presence of 5 species with initial and 
final to be stable trans and ‘cooled’ cis forms. Initially excess energy evolved due to 
photoisomerization is equilibrated within the molecule and neighbouring adjacent 
molecules to be happening within picosecond to several nanoseconds. Subsequently this 
excess energy is gradually dissipated within microseconds. Evidently identified 
intermediate formation could be happening due to:- 
Equilibration of excess energy and decaying further within 
1. molecule and neighbouring molecules 
2. perfluoro layer 
3. bilayer structure 
4. clay nano sheets 
Mechanism of heat dissipation in C3F-Azo-C6H is as shown in figure 5.20. With pulsed 
laser beam excitation only a fraction of trans molecule will be converted to cis form 
(conversion is below 0.4%), which means 99.6% to be in trans form. We speculate that 
excess energy liberated by photoisomerization is first equilibrated within molecule as 
fast as occurring in picosecond or several nanoseconds and consequently shared among 
neighboring molecules which then decays within polyfluoroalkylated chain  with a 
lifetime of 0.13 μs which then equilibrated among bilayered surfactants within 1.9 μs 
and finally cooled cis form is generated by total dissipation of excess energy liberated 
due to photoisomerization, from walls of clay nanosheets to surrounding media within 8 
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μs. The system in hexane also follows the exact process and mechanistic pathway. The 
lifetimes of decay of intermediates also found be similar. 
   
 
Figure 5.20 Pathway showing the cooling down of excess energy via multistep process 
in C3F-Azo-C6H/SSA hybrid film. 
 
The process of decay kinetics and phenomenon happening in C3H-Azo-C6H/SSA were 
also found to be similar but at a faster timescale. The intermediate formation and 
lifetime is heavily dependent on perfluoro layer as we discussed earlier. With 
C3H-Azo-C6H, “hot” molecule decays much faster as the nonfluoralkylated derivative 
not supposed to protect the liberated energy as effectively as the fluoroalkyl analogue. 
As a result, lifetime was found to be half of latter for first intermediate. From kinetic 
analysis we identified only one intermediate. This strongly suggests the effect of 
perfluoroalkyl chain on the ‘heat’ dissipation pathway. 
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Figure 5.21 Pathway showing the cooling down of excess energy via multistep process 
in C3H-Azo-C6H/SSA hybrid film  
 
Figure 5.22 Rate of heat dissipation in clay hybrids with C3F- and C3H-. 
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As evident from fig. 5.22, in C3H-Azo-C6H hybrid system, heat dissipation is much 
faster. With this mechanism to be happening in such kind system, it should be 
challenging to quantitatively estimate the heat evolved in the micro-environment. 
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Chapter 6.  
Unusual Heat-trapping within Nano-layered 
Micro-environment 
 
6.1 Introduction 
It is speculated that the steady increase in reactivity of C3F-azo-C6H in the ground state 
when we go on from monomeric, micellar, and clay hybrid state in dispersed to solid 
state and multistep process involved in the excited state by laser excitation indicates the 
excess energy liberated due to photoisomerization is well protected within clay 
nanosheet and its plausibly dissipated via multi-step process. On this perspective it 
should be indispensable and most interesting to quantitatively study the excess energy 
protected within the nanosheet. We have already observed the reversible nanosheet 
sliding of niobate/C3F-Azo-C6H and unusual high reactivity of clay/C3F-Azo-C6H 
hybrid under high pressure which indicates that a co-operative phenomenon is also 
operating additionally. Under high pressure it’s more profoundly causing as the 
molecules are much closer to induce one photon-multi photoisomerization 
 
6.2 Experimental 
Steady state absorption (SHIMADZU, UV-2550), emission (JASCO, FP-6500) and 
excited state fluorescence decay (picosecond laser) of Rhodamine B (TCI) and 
Ru(bpy)3
2+
 (TCI) in several micro-environments is studied and lifetimes and spectral 
behaviour are compared, viz., ethanol (nakalai, grade 1), water (ion exchanged water) 
and co-intercalated with C3F-Azo-C6H in ethanol(monomeric form), water (micellar 
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form), Sumecton SA (freely intercalated) Sumecton SA/C3F-Azo-C6H (hybrid). 
Lifetime of Rhodamine B and Ru(bpy)3
2+
 in each micro-environment is analysed in 
detail. XRD measurements were carried out using Rigaku (RINT TTR Ⅱ). TG/DTA 
measurements were carried out using Shimadzu (DTG-60H). 
 
6.3 Result and Discussion 
6.3.1 Micro-environment dependent fluorescence switching of Rhodamine B  
Rhodamine B (RhB): is a well known molecule for its ability sense the evolved heat as 
it effects the fluorescence lifetime.
1-5
 Prof. Kitamura and co-workers reported the 
fluorescence lifetime diminishing from several nanoseconds to 500 picoseconds as the  
 
 
Figure 6.1 Co-intercalation of Rhodamine B with surfactant/SSA and schematic 
representation of energy level diagram. 
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temperature increased up to 60 
0
C.
1
 Here in this case another interesting phenomenon 
playing the crucial role in order to make this molecule a natural potential candidate for 
“temperature sensing”. Fluorescence life time of RhB molecule is governed by the 
rotation around the diethyl amino group and ease of rotation will decrease the lifetime 
of emission and thus it’s becomes an ideal indicator of temperature. These type of 
phenomenon are well known especially in the case of 4-(dimethylamino) benzonitrile, 
where intramolecular charge transfer leading to the formation of “twisted intramolecular 
CT state”, forming a donor-acceptor system within the molecule.6 
Steady state absorption, emission and excited state fluorescence decay of RhB in several 
micro-environments were studied and lifetimes and spectral behaviour are compared, 
viz., ethanol, water and co-intercalated with C3F-Azo-C6H in ethanol (monomeric 
form), water (micellar form), SSA (freely intercalated) and SSA/C3F-Azo-C6H (hybrid). 
Lifetime of Rhodamine B in each micro-environment will be analysed in detail. 
 
6.3.1.1 Fluorescence decay of RhB in solution state 
Figure 6.2 shows the absorption and emission spectra of RhB in water, ethanol, 
C3F-Azo-C6H/water (micelle) and C3F-azo-C6H/ethanol (monomer). Compared to 
ethanol, absorption and emission spectra showed red shift in water due to solvent 
polarity. In polar solvents, п-п* level will be more stabilized which causes the red shift 
in absorption spectra.  
In all solution systems under study, decay is single exponential and only one species is 
observed. Most interestingly decay of RhB in ethanol and C3F-Azo-C6H/ethanol was 
found to be similar as evident from fig. 6.3 and table 6.1 and lifetimes in both systems 
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are comparable (2.63 ns in ethanol and 2.67 ns in C3F-Azo-C6H/ethanol). Compared to 
ethanolic case, in water and micelle, decay is much faster and lifetime is less, but both 
follows single component decay (1.48 ns in water and 1.47 ns in micelle).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Absorption spectra of RhB in (a) C3F-Azo-C6H in ethanol and water (c) 
water and ethanol. Emission spectra of RhB in (b) C3F-Azo-C6H in ethanol and water 
(d) water and ethanol.  
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Figure 6.3 Fluorescence decay of RhB in (a) ethanol and water (b) C3F-Azo-C6H in 
ethanol and water switching between all trans, cis rich and trans rich forms. 
 
We also checked the isomerization dependency on fluorescence decay. It is clear from 
figure 6.3b that fluorescence decay is independent of trans-cis-trans switching in 
micellar and monomeric system of C3F-Azo-C6H. From fig 6.3b we can also 
understand that they still obey single exponential decay in both systems. 
  
Table 6.1 Fluorescence decay lifetime of RhB in solution state. 
 
6.3.1.2 Fluorescence decay of RhB in film state 
Originally SSA solution of 10
-3
 eq/L was prepared by dissolving 1g of Sumecton SA in 
1L of water by stirring for 1 day. Along with that, preparation of 5 mM C3F-Azo-C6H 
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was carried out by heating at 70 
0
C for 5 hours. 0.1 mM RhB in water was also prepared. 
Three samples in volumetric ratio were mixed thoroughly, heated and stirred at 70 
0
C in 
an oil bath for 5 hours. Various loading levels of RhB were prepared by changing the 
concentration of dye solution. By considering mono-cationic RhB, we calculated the 
loading levels normalized to CEC. Solution mixture is then filtered with 0.1 μm PTFE 
on a cleaned glass film. Film samples were then dried under vacuum and characterized 
using XRD, UV-Vis and emission spectroscopy.  
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 6.4 XRD pattern of different loading levels of co-intercalated RhB with (a) SSA 
– (i) 10% RhB (ii) 6% RhB (iii) 1% RhB (b) C3F-Azo-C6H/SSA hybrid (i) 10% RhB 
(ii) 6% RhB (iii) 1% RhB.  
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The zwitter ionic RhB were successfully intercalated into the interlayers of SSA as well 
as hybrid of SSA with C3F-Azo-C6H (4.4 vs CEC). The intercalated amounts were as 
less as 1 % (also 10 % for trial) vs. CEC to that of SSA which is very less value 
compared to the surfacatnt amount of 440 %. With introduction of dye, bilayered 
structure was not found to be affected and this fact is further confirmed by XRD as 
given in figure 6.4. Similarly 1% RhB/C3H-Azo-C6H/SSA co-intercalated hybrid were 
also prepared and characterizaed to study the effect polyfluorinated structure in the 
microenvironment. As reference and comparison RhB/SSA samples were also prepared.  
 
 
 
 
 
 
 
 
Figure 6.5 (a) Absorption spectra of co-intercalated RhB in C3F-Azo-C6H/SSA hybrid 
and C3H-Azo-C6H/SSA hybrid in film state below 1%.(vs. CEC) (b) Emission spectra 
of co-intercalated RhB in C3F-Azo-C6H/SSA hybrid and C3H-Azo-C6H/SSA hybrid in 
film state below 1% (vs. CEC). 
Absorption spectrum shown in the Fig. 6.5, further evidences the intercalation of RhB in 
very low amount. Emission spectrum of RhB in C3H-Azo-C6H/SSA found to be blue 
shifted compared to fluoroalkyl analogue. Fluorescence decay in each system will be 
critically analyzed. Fig 6.6a reveals that 1% of RhB/SSA obeys single component decay 
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and lifetime is much higher than that of 6% and 10% samples. The lifetime went on 
decreasing as the amount of dye is increased inside clay. Even in that case, the amount 
of intercalated dye molecule was well below CEC and less than 1/10
th
 of the CEC of 
SSA. With dye amount higher than 1%, two component decay is also observed. The 
lifetimes were summarized in table 6.2. 
In 1% C3F-Azo-C6H/SSA/RhB, decay is totally different which follows a special 
phenomenon (figure 6.7a). Decay becomes faster when the PSS of cis state was attained 
and again decay becomes slower when the micro-environment was transformed to trans 
rich state by visible light irradiation. Even in that case, not comparably slower than all 
trans form. The quenching in lifetime was very high and decays very fast when it forms 
cis rich state. These facts were confirmed by several cycles and decay is recovered back 
to original state in each isomer rich state and experiment is confirmed further on 
different sample with 10% RhB/C3F-Azo-C6H/SSA. Here also phenomenon was found  
 
 
 
 
 
 
 
 
Figure 6.6 Fluorescence decay of RhB in (a) SSA with intercalation amount of 1%, 6%, 
10% (vs. CEC) (b) C3F-Azo-C6H/SSA with intercalation amount of 1% (vs. CEC) 
switching between all trans, cis rich, trans rich forms. 
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Figure 6.7 Fluorescence decay of RhB in (a) C3F-Azo-C6H/SSA (b) 
C3H-Azo-C6H/SSA, with intercalation amount of 1% (vs. CEC) switching between 
trans, cis rich and trans rich forms. 
 
to be exactly similar and all decay occurred bi-exponentially. In all trans form lifetime 
was found to be much larger in both experiment and trans rich form prepared by light 
irradiation could never reach that value. This process was exactly similar to 
photoreaction experiment as well. To our previous experience, micro-environment with 
all trans form is somewhat different from trans rich form. In photoreaction experiments, 
especially in clay and niobate hybrids, isosbestic points are not as precise as other 
isomer rich form and slightly red shifted compared to other isomer rich forms, where 
both trans rich and cis rich are found to have exactly same isosbestic points. While 
determining structural aspects of niobate /azo hybrids, our group also found the all trans 
form to have slight deviation from trans rich forms of 1 to n. (where n is the number of 
repetition of photoisomerization) Lifetimes are summarized in table 6.3. 
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Very interestingly in 1% RhB/C3H-Azo-C6H/SSA hybrid system, this phenomenon was 
found to not reversible and found to be dead after 1 cycle. This can be easily read out 
from figure 6.7b and table 6.4. As similar to previous system, lifetime was heavily 
shortened when switched to cis rich form from all trans form. But then after reaching  
 
Table 6.2 Fluorescence decay lifetime of RhB/SSA in film state. 
 
 
Table 6.3 Fluorescence decay lifetime of RhB/SSA/C3F-Azo-C6H in film state. 
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trans rich state, it didn’t show the lifetime shortening with the formation of cis rich 2. 
(second cycle) Our group already reported the less efficient reversible interlayer 
expansion with C3H-Azo-C6H/SSA hybrids and C3H-Azo-C6H/niobate hybrids 
compared to C3F-Azo-C6H analogues. Unlike the latter system in former system there 
is beautiful bilayered arrangement of surfactant is absent. 
 
Table 6.4 Fluorescence decay lifetime of RhB/SSA/C3H-Azo-C6H in film state. 
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Figure 6.8. Lifetime and pre-exponential factor switching between isomer rich states of 
(a) and (c) 1% RhB/SSA/C3F-Azo-C6H and (b) and (d) 1% RhB/SSA/C3H-Azo-C6H.  
 
Fluorescence in RhB is dependent on the free rotation of diethyl amino group. In 
solution system all fluorescence decay is single exponential and it’s quite matching with 
that of the reported data. But in film state, all cases obey bi-exponential decay except in 
very low adsorbed amount of the dye. 
The two important points to discuss is the fluorescence quenching up on increasing the 
amount of RhB molecules intercalated into the free space of clay. This could happen 
only by the aggregation of RhB molecules within interlayer. This fact is confirmed by 
the presence of two species in 6% and 10% of RhB containing sample. It is reported that 
RhB is a hydrophobic dye molecule. Due to this reason it forms mainly J-type 
aggregates – head to tail, which minimize the hydrophobic interaction. In very low 
adsorbed amount, dye molecule may be freely located within interlayer. As 
concentration increases aggregation leads to the quenching of fluorescence.
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The second point is the isomer rich dependent fluorescence quenching. RhB is charged 
and a potential zwitter ion salt can’t be located in central space in normal condition. 
Here quenching due to enhancement of molecular aggregation can be ruled out as XRD 
analysis clearly indicates the interlayer expansion of clay nanosheets. The pronounced 
polarity of cis form due to n-п* absorption can also be ruled out as we observed blue 
shift in cis rich state compared to all trans and trans rich state. The probable reason 
could be the expansion of interlayer of freely intercalated clay. In all trans and trans 
rich form, interlayer is very much crowded for the dye molecule. But when it isomerizes 
to cis form interlayer is expanded, thus causing the dye molecule to rotate freely with its 
diethyl groups. In other words, steric hindrance is much relieved upon UV irradiation. 
There would be another possibility of the decrease in lifetime by the forced formation of 
H-type aggregates. It is reported that Sandwich or H type aggregates of RhB is found to 
be non-fluorescent. There is a rapid internal conversion from Highest H-excited state to 
lowest J-excited state of these aggregates. The radiative transition from J-excited to 
state ground state is very low & appears to be non-fluorescent. This fact is further read 
out from table 6.3. In cis rich state the composition of first component is 90% with 
lifetime to be as shortened to be 0.04 ns.  
In addition, thermal energy (excess energy protected within nanosheets evolved during 
the emission process) may also cause the shortened lifetime with contribution in this 
system. As reported previously by Prof. Kitamura
1
 (figure 6.9), we have tried to 
calculate the elevation in temperature within nano-layered microenvironment.  
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Figure 6.9 Temperature dependence of RhB
1
 
From the figure 6.9, by assimilating the curve, we have formulated a curve as shown 
figure 6.10. By using the equation shown in the figure 6.10 and substituting the values, 
Elevation in temperature is calculated for the two species. The numerical values in the 
equation was calculated by assimilating the curve shown in figure 6.10 which is given 
as follows:- ΔH#, Gibb’s fee energy, 2.8 X 104; A, Arrhenius pre-exponential factor, 4.3 
X 10
4
, Kd0, 0.21. 
 
Figure 6. 10 Calculation of temperature elevation using RhB dye system
1
. 
 
The calculated values of temperature were given in table 6.5 for all trans, cis rich and 
trans rich forms. Compared to trans form, in cis form, both components found suffer 
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higher temperature. But in cis form, as we have explained, another factor, steric effect 
plays much crucial role along with the partial role temperature effect.  
 
Table 6.5 Calculation of elevation of temperature in RhB/SS/C3F-Azo-C6H system.  
 
 
So from fluorescence decay analysis and temperature estimation, we have obtained two 
temperature gradients. Species 1 suffered a higher temperature of 104 
0
C and species 2 - 
47 
0
C. The difference arises due to the orientation of dye molecule within 
micro-environment. As we have evidently seen from nanosecond laser flash photolysis, 
trapped thermal energy is dissipated to the surrounding media slowly forming 
intermediates, with central space to have very high local temperature elevation and 
temperature gradient then gradually decreased towards the clay nanosheets and then 
finally dissipated to surrounding media. Here we speculate that the species 1 which 
suffers highest life time shortening should be orienting away from clay nanosheets i.e. 
towards the central space and other orientation of dye molecule could be towards or 
attached to the clay nanosheets which suffered lesser temperature elevation.     
 
 
RhB-
SSA/C3F-Azo-
C6H
τ1 / ns
Estimated T / 
K
τ2 / ns
Estimated T / 
K
all-trans 0.17 377 0.73 320
cis-rich 0.04 452 0.23 364
trans-rich 0.13 389 0.60 327
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Figure 6.11 Orientation of dye molecule within nano-layered micro-environment. 
 
6.3.2 Molecular heat dependent luminescence switching of [Ru(bpy)3]
2+
  
Ru(bpy)3
2+
: One of the most well studied complex in the field of photochemistry for 
wide varieties of application and quite interesting in our case too.
7-17
 This complex and 
its derivatives are well known for its temperature sensing – very much affected by its 
emission lifetimes and many cases are reported so far.
12, 16, 17
 Ru(bpy)3
2+
 shows an 
intense absorption band at around 450 nm and a shoulder at 420 nm, which were 
assigned to metal-to-ligand charge transfer (MLCT)(t2g of Ru to f п* of (bpy)) and 
smaller bands or shoulders at 325 and 350 nm, which are assigned to metal centered d-d 
transitions. An intense band at 285 nm is attributed to ligand centered, (п-п*) transitions. 
The high yielding emission originates from the MLCT. The curious point is that as 
temperature increases, another process also starts competing to that of emission, in 
which absorbed energy competitively transferred to d orbitals as well.  
So this could have been the ideal molecule for system, even though the absorption 
spectrum of C3F-Azo-C6H is found to overlap to that of Ru complex, where cis 
component is having an absorption maximum around 450 nm is identical to that of the 
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absorption of MLCT band of latter. So the excitation at 450 may cause severe hindrance 
to our measurement where cis component may also get excited leading to the 
interruption of evolution of heat. This problem can be can be neglected as the 
picosecond laser excitation pulse has maximum power of 0.2 μW. With our previous 
 
 
Figure 6.12 Co-intercalation of Ru(bpy)3
2+
 with surfactant/SSA and schematic 
representation of energy level diagram. 
 
experience this power is too less to induce a considerable change in the composition of 
isomer and aggregation of this process will not be happening since we will revert back 
the sample to trans rich form after each single shot. 
Prof. Kliger and co-workers reported that emission lifetime of Ru(bpy)2
2+
 is dependent 
on surrounding media even though excited state properties were found to be hardly 
trans
S0
S1
S2
cis
S1
S0
<    >
…
…
…………….
……….
N = N N = N
UV
Vis
Vis.
UV
Niobate sheet
+ + + +
Niobate sheet
+ + + +
Niobatesheet
++++ Niobate sheet
+ + + +
Niobatesheet
++++
a
aC3F-Azo-C6H Ru(bpy)3
2+
ΔE
Ground state
emission
Δ
1MLCT
3MLCT
3d-d
CHAPTER 6 
. UNUSUAL HEAT - TRAPPING WITHIN NANO-LAYERED MICRO-ENVIRONMENT 
 
134 
 
affected upon going from solution to fluid and film state in contradiction. This point is 
ideal in our system because we are focusing our attention in comparing the change in 
excited state dynamics behaviour in each micro-environment involving solution, 
dispersion and solid state.
17
    
Steady state absorption, emission and excited state emission decay of Ru(bpy)3
2+
 in 
several micro-environments were studied and lifetimes and spectral behaviour were 
compared. viz., ethanol, water and co-intercalated with C3F-Azo-C6H in ethanol 
(monomeric form), water (micellar form), SSA (freely intercalated) and 
SSA/C3F-Azo-C6H (hybrid). Lifetime of Rhodamine B in each micro-environment will 
be analysed in detail. 
 
6.3.2.1 Fluorescence decay of Ru(bpy)3
2+
 in solution and film state 
Figure 6.13 shows the absorption and emission spectra of Ru(bpy)3
2+
 in water, ethanol, 
C3F-Azo-C6H/water (micelle) and C3F-azo-C6H/ethanol (monomer). Compared to 
ethanol, absorption and emission spectra showed red shift in water due to solvent 
polarity similar to RhB system. 
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Figure 6.13 Absorption spectra of Ru(bpy)3
2+
 in (a) C3F-Azo-C6H in ethanol and water 
(b) water and ethanol. Emission spectra of RhB in (c) C3F-Azo-C6H in ethanol and 
water (d) water and ethanol.  
 
In all solution systems under study, decay is single exponential and only one species 
was observed. Most interestingly decay of Ru(bpy)3
2+
 in ethanol and 
C3F-Azo-C6H/ethanol  
 
 
 
 
 
 
 
 
Figure 6.14 Fluorescence decay of Ru(bpy)3
2+
 in (a) water, ethanol, C3F-Azo-C6H in 
water and ethanol and water (b) with 1% and 2% (vs. CEC) with SSA. 
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was found to be similar as evident from fig. 6.14b and table 6.6 and lifetimes in both 
systems are comparable (230 ns both in ethanol and C3F-Azo-C6H/ethanol). Compared  
to ethanolic case, in water and micelle, decay is much slower and lifetime is slightly 
large, but both followed single component decay (390 ns in water and 380 ns in micelle). 
This value is very close to the reported value of 400 ns in water.
12
 
 
Table 6.6 Fluorescence decay lifetime of Ru(bpy)3
2+
 in solution state. 
 
 
As similar to RhB system, isomerization dependency on fluorescence decay was absent 
here as well in solution state. Systematically we proceeded to dye incorporated 
surfactant/clay hybrids. 
Originally SSA solution of 10
-3
 eq/L was prepared by dissolving 1g of Sumecton SA in 
1L of water by stirring for 1 day. Along with the preparation of 5 mM C3F-Azo-C6H, 
carried out by the heating at 70 
0
C for 5 hours. 0.1 mM Ru(bpy)3
2+
 in water was also 
prepared. Three samples in volumetric ratio were mixed thoroughly, heated and stirred 
at 70 
0
C in an oil bath for 5 hours. Various loading levels of Ru(bpy)3
2+
 were prepared 
by changing the concentration of dye solution. By considering di-cationic Ru(bpy)3
2+
, 
we calculated the loading levels normalized to CEC. Solution mixture is then filtered 
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with 0.1 μm PTFE on a cleaned glass film. Film samples were then dried under vacuum 
and characterized using XRD, UV-Vis and emission spectroscopy.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.15 XRD pattern of different loading levels of co-intercalated Ru(bpy)3
2+
 with 
(i) 2% Ru(bpy)3
2+
/SSA (ii) 1% Ru(bpy)3
2+
/SSA (iii) 100% Ru(bpy)3
2+
/SSA (iv) naked 
clay.  
 
Unlike the RhB co-intercalation, Ru(bpy)3
2+
 intercalation was found to be not feasible. 
With 1%, 2%, 5%, 10%, 50% of Ru(bpy)3
2+
, (vs. CEC of SSA) intercalation was not 
occurring monitored by emission and absorption spectroscopy. With 100% loading level 
of dye, intercalation was found to occur. The emission intensity and absorbance 
compared to 1% Ru(bpy)3
2+
/SSA, clearly indicates that dye amount intercalated is very 
much lower than 1% even though the loading level is 100%. This fact can be read out 
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from the figure 7.13. So another question arises. Whether this much amount of dye 
lading level disrupt bilayer structure? From XRD analysis (figure 7.12) we found that 
bilayered structure remains same. The curious point is that without addition surfactant,  
 
Figure 6.16 (a) Absorption and (b) emission spectra of co-intercalated Ru(bpy)3
2+
 with 
(i) C3F-Azo-C6H/SSA hybrid film state below 1 %.( vs. CEC) (ii) SSA below 1 % ( vs. 
CEC) 
 
even 1% Ru(bpy)3
2+ 
intercalated very efficiently (figure 6.16). This phenomenon could 
similar to the two step guest-guest ion exchange as reported in niobate/C3F-Azo-C6H 
hybrid system. In the presence of surfactant, preferential adsorption may be causing the 
expulsion of dye molecule. 
In 1% SSA/Ru(bpy)2
3+
, decay was totally different (figure 6.14b). Lifetime becomes 
much larger even compared to solution. Bi-exponential decay was observed with 70% 
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(second component) having a lifetime of 1 μs. The same case was observed with 2% 
Ru(bpy)3
2+
/SSA. (table 6.6)  
With C3F-Azo-C6H/SSA/ Ru(bpy)2
3+
, decay is totally different which follows a special 
phenomenon (figure 6.17a, table 6.7). When we look at the figure 6.17a, isomer switch 
dependent fluorescence decay can’t be read out easily. But when we look at the table 6.7, 
as similar to RhB system, we can see the evident triggering by trans-cis-trans 
isomerization. Lifetime of both components is much shortened compared to dye/SSA 
system. In Ru(bpy)2
3+
/C3H-Azo-C6H/SSA hybrid, the decay characteristics in each 
isomer state are rather random and do not follow any trend. These things are evidently 
shown in figure 6.18 and table 6.8.  
 
 
 
 
 
 
 
 
Figure 6.17 Fluorescence decay of Ru(bpy)3
2+
 in (a) C3F-Azo-C6H/SSA (b) 
C3H-Azo-C6H/SSA, with intercalation amount of 1% ( vs. CEC) switching between 
trans, cis rich and trans rich forms. 
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Figure 6.18 Lifetime and pre-exponential factor switching between isomer rich states of 
(a) and (c) 1% Ru(bpy)3
2+
/SSA/C3F-Azo-C6H and (b) and (d) 1% 
RhB/SSA/C3H-Azo-C6H.  
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Table 6.7 Fluorescence decay lifetime of Ru(bpy)3
2+
/C3F-Azo-C6H/SSA in film state. 
 
 
Table 6.8 Fluorescence decay lifetime of Ru(bpy)3
2+
/C3H-Azo-C6H/SSA in film state. 
 
 
High yielding emission in Ru(bpy)3
2+
 arises from 
3
MLCT band. In solution system all 
fluorescence decay is single exponential and it’s quite matching with that of the reported 
data. But in film state, all cases obey bi-exponential decay. Unlike in RhB system, steric 
factor does not have much influence here, as Ru(bpy)3
2+
is
 
globular and aggregation can 
be ruled out. The possible shortening of lifetime in Ru(bpy)3
2+
/C3F-azo-C6H/SSA could 
be arising due to the thermal energy (excess energy protected within nanosheets evolved 
during the emission process). 
CHAPTER 6 
. UNUSUAL HEAT - TRAPPING WITHIN NANO-LAYERED MICRO-ENVIRONMENT 
 
142 
 
 
Figure 6.19 Schematic representation of energy levels in Ru(bpy)3
2+
. 
 
This kind of “molecular heat” evolved by radiation less deactivation process is well 
trapped within surfactant/SSA layer and thus promoting the transition from 
3
MLCT to 
3
d-d. Thus causing the decrease in emission intensity from 
3
MLCT. Prof. T. J. Meyer 
and co-workers reported the temperature dependent emission decay of Ru(bpy)3
2+ 
and 
its derivative.
16
  
The same group have already reported the temperature dependence of the emission 
lifetime and their quantitative evaluation.
18
 We have used the reported equation 
(equation 1) for determining the elevation in temperature as indicated by the lifetime 
shortening of dye molecule within surfactant intercalated clay hybrid microenvironment. 
The equation represents the Boltzmann distribution where ΔE is the energy gap, 
interpreted as the activation barrier for the MLCT to d-d state conversion, k1 as the rate 
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of barrier crossing and ko is the Boltzmann averaged value of the decay rate constants 
from the three lower lying MLCT states. τ is the lifetime of the     
 
Figure 6.20 Compilation of luminescence lifetimes as a function of temperature for 
[Ru(bpy)3]
2+
 
16
 
 
    …………..……...(1)  
Figure 6.21 Boltzmann distribution equation for the calculation of emission lifetime 
dependent temperature of dye molecule system.
18
  
Table 6.9 Constant values reported for the calculation fluorescence lifetime dependent 
temperature
18
  
 
k0/10
5 k1/10
14 ΔE/10-20 kB/10
-23
5 S-1 2 S-1 8.02 J 1.38 m2 kg s-2 K-1
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emission, the value which will vary depending up on temperature, T. The values of each 
term are given in table 6.9.  
 
 
Figure 6.22 Schematic representation of temperature gradient formation in SSA/ 
surfactant/Ru(bpy)2
3+ 
system.  
 
The lifetimes given in table 6.7 and 6.8 were considered. In 
[Ru(bpy)3]
2+
/C3F-Azo-C6H/SSA system, with component 2, temperature elevation was 
calculated to be approximately 67 
0
C and with component 1 with a much shorter 
lifetime, 118 
0
C. With [Ru(bpy)3]
2+
/C3H-Azo-C6H/SSA hybrid system, lifetimes of 
both components are found to be slightly larger which is very well correlated to our 
previous results as heat dissipation is much faster with latter one. 
The difference in temperature sensed by same dye molecule arises due to the orientation 
of dye molecule within micro-environment. As we have evidently seen from 
nanosecond laser flash photolysis, trapped thermal energy is dissipated to the 
surrounding media slowly forming intermediates, with central space to have very high 
local temperature elevation. Temperature gradient gradually decreased towards the clay 
nanosheets and finally dissipated to surrounding media. Here we speculate that the 
species 1 which suffers highest life time shortening should be orienting away from clay 
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nanosheets i.e. towards the central space and other orientation of dye molecule could be 
towards or attached to the clay nanosheets which suffered lesser temperature elevation.  
More importantly the estimated temperatures by two molecules were different and this 
is fairly in agreement with the different energy levels of dye molecules. The 
photophysical properties are also entirely different and in former case, there is two 
phenomenon were found to occur simultaneously 1. Steric 2. Thermal. (RhB) 
But with latter system (Ru(bpy)2
3+
), only thermal effect would be the major factor.  
 
6.4 Conclusion 
This kind of unusual heat trapping within nano-layered microenvironment leading to 
temperature elevation cause the specific reactions. This is a solid evidence for the 
presence of intermediate formation observed in nanosecond laser studies of 
surfactant/SSA hybrid nanocomposites.  
Most interestingly we have found the quantum yield value for cis to trans isomerization 
exceeding to that of unity (φ = 1.9) in hybrid system of SSA/C3F-Azo-C6H in film state. 
In addition, reverse photoisomerization trans to cis, suppressed heavily (1/5
th 
 of that in 
monomeric form). This kind of phenomenon clearly points towards the presence of 
co-operative phenomenon happening in our system. The excess energy liberated due to 
isomerization is trapped within interlayers of hybrid system which causes the enhanced 
reactivity for cis to trans isomerization. Nanosecond laser flash photolysis evidently 
showed the presence of “hot” species. This kind of intermediates formed within 
interlayer was also shown to be cooled down within several hundreds of microseconds. 
Time dependent cooling down of local heating further sensed by dye molecules as 
described in this chapter. These all point towards the presence of cooperative 
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phenomenon which would be contributing the nanosheet sliding of hybrids formed by 
C3F-Azo-C6H.  
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Conclusion 
 
Most interestingly, we have found that three-dimensional morphology changes can be 
induced on the hybrids by trans-cis photo-isomerization reaction of azobenzene group 
within the polyfluorinated cationic surfactants. One of the highlights is a horizontal 
sliding of the nanosheets in a giant scale of ~1500 nm.
3
 How can be such a giant scale 
change induced by a molecular shape change of ~nm scale? The system may be viewed 
as an artificial muscle model unit. Though the detailed mechanism is not fully revealed, 
it is convincing that the photo-isomerization reaction of C3F-Azo-C6H in the interlayer 
space sandwiched by nanosheets as a microenvironment is actually inducing 
morphology changes such as interlayer distance change and nanosheet sliding. It should 
thus be most curious to clarify the molecular mechanism and nature of 
microenvironment of the horizontal sliding of the nanosheets. With hybrids incorporated 
with nonpolyfluorolkyl chain, reversible photoinduced sliding was not observed both in 
the case of surfactants with niobate as well as SSA. Absence of beautiful bilayered 
structure, less adsorbed amount and lesser expansion of interlayer causes the 
non-uniformity of hybrids formed in the latter case.  
Our ultimate aim is to produce an efficient photomechanical system. Thus its crucial to 
produce is a well aligned nanocomposite to induce efficient reversible photo-sliding. We 
have been extensively investigating to orient nanosheets and nanoscroll by applying 
external magnetic field. In addition microstructure of hybrid material have been 
scrutinizing with the aids of XRD, TG, NMR, IR, DSC, etc.   
In the present work we approached from the mechanistic pathway. At first reactivity of 
polyfluorinated and non-polyfluorinated cationic surfactants in various 
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microenvironments have been reported. We observed the gradual increase in reactivity 
from monomeric, to micellar to hybrid system. In film state of hybrid with SSA 
quantum efficiency was found to exceed unity for cis to trans isomerization and 
retarded for trans to cis isomerization. This evidently points towards the operation of 
cooperative phenomenon in this system named to be trapped heat within nano-layered 
microenvironment. At high pressure, quantum yield measurements followed similar 
trend but with very much enhancement. Activation energy studies revealed a shift of 
energy levels when going to rigid media causing the shift of crossing-level of potential 
energy surface which accounts for the enhanced reactivity for photoisomerization. Even 
in that case, the phenomenon of quantum yield exceeding to that of unity can’t be 
explained based on activation energy calculation and the evidence for the cooperative 
phenomenon should be evidenced.  
On this perspective laser flash photolysis studies were carried out to get an idea about 
the excited state dynamics of surfactant/SSA hybrids which seemed to be inevitable. 
Nanosecond laser studies showed the formation of three component decay while 
isomerization from trans to cis with pulsed laser excitation. The excess energy liberated 
by photoisomerization is trapped within nanosheets, thus causing the enhancement of 
cis to trans isomerization and retardation of trans to cis isomerization. 
Non-polyfluorinated derivative, C3H-Azo-C6H showed liberation of excess energy with 
much ease than corresponding fluoroalkyl analogue. Heat trapping was further 
evidenced with dye incorporated hybrid system. With [Ru(bpy)3]
2+
, the heat trapped in 
the system are quantitatively estimated.  
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The phenomenon of reversible photoinduced sliding could be operating with the aid of 
such heat trapped within confined layered environment in addition to the possible 
several cooperative effects. 
 
 
